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ABSTRACT 

Ultrafast  pulsed  power  systems  have  proved  to  be  effective  energy  sources  for 
transducers  to  produce  intense  X  rays,  dense  electron  beans,  and  very  high 
temperature  plasmas.  The  principal  function  of  a  single  shot  or  low  repetition 
rate  pulsed  power  system  is  to  accept  energy  at  low  power  levels  and  subsequently 
to  deliver  such  energy  at  extremely  high  power  levels,  with  maximum  efficiency, 
to  a  suitable  transducer.  This  objective  can  best  be  met  by  use  of  either  dis¬ 
tributed  or  lumped-constant  pulse  forming  networks  where  optimum  performance  is 
realized  by  maintaining  the  proper  impedance  match  between  the  power  source  and 
transducer  throughout  the  energy  delivery  process.  Attainment  of  the  proper 
impedance  match  can  impose  stringent  and  sometimes  contra-indicating  requirements 
upon  the  dielectric  storage  media,  the  switching  mechanism,  and  the  transducer 
chamber. 

The  most  promising  approach  to  such  power  sources  appears  to  be  a  pulse-charged 
two-stage  coaxial  Blumlein  system.  Such  a  system  can  deliver  25  kiloamperes  at 
2  megavolts  in  a  pulse  width  of  40  nanoseconds  to  a  suitably  matched  flasn 
X-ray  tube  to  produce  relatively  high  dose  rates  with  long  tube  life  and  minimal 
maintenance  The  performance  of  a  Blumlein  exploding  wire  system,  with  respect 
to  the  rate  of  energy  transfer,  is  primarily  limited  by  the  uncancelled  trans¬ 
ducer  chamber  inductance — a  function  of  the  insulation  spacing  needed  for  voltage 
hold-off.  High  dielectric-constant  liquids  may  allow  reduction  of  the  trans¬ 
ducer  chamber  impedance  to  the  extent  required  to  give  di/dt  values  close  to 
10^  amp/sec  for  wires  a  few  mils  in  diameter.  Attainment  of  transducer 
chamber  voltage  gradients  of  300  kv/cm  or  better  in  vacuum  will  result  in  di/dt 
values  of  1  to  2  x  10^  amp/sec. 


iii 


AFWL-TR-65-21 


T5- 


■■m-  - 


CONTENTS 


I  INTRODUCTION 

II  GENERAL  DISCUSSION 

1.  General  Principles  of  Operation 

2.  Basic  Characteristics  of  Pulse-Forming  Lines 

3.  Marx-surge  Circuits 

4.  Blumlein  Circuit 

5.  Spiral  Coaxial  Generator  Circuit 

6.  Rise  Time  Considerations 
6.  a  Switch  Inductance 

6.  b  Transit  Time  Effects 

7.  General  Design  Considerations 

8.  Pulse  Charging  Considerations 

9.  Impedance  Transformers 

10.  Transducers 

11.  X-Ray  Generation 
1 1 .  a  Tube  Design 

11.  b  X-Ray  Output  Characteristics  and 
Source  Geometry 
11.  c  Optimum  Load  Impedance 

12.  Neutron  Generation 


Page 

1 

3 

3 

4 
12 
17 
22 
27 
27 
27 
31 
38 

40 

41 
50 
50 


61 

66 


m  EXPERIMENTAL  STUDIES  70 

1.  Pulse-Charged  Blumlein  Generator  70 

2.  Exponential  Line  Impedance  Transformation  80 

3.  Dielectric  Strength  Studies  83 

3.  a  Pulsed  Voltage  Tests  84 

3.  b  Dc  Voltage  Tests  84 

3.  c  High-Pressure  Gas  Breakdown  Tests  89 

4.  Vacuum  Breakdown  Studies  93 

5.  Experimental  Switch  Studies  96 

IV  PROPOSED  PULSER  DESIGNS  106 

1.  Flash  X- Ray  System  106 

2.  Exploding  Wire  System  110 

V  CONCLUSIONS  AND  RECOMMENDATIONS  116 

1.  Flash  X-R.ay  System  116 

2.  Low- Impedance  Exploding- Wire  System  116 

3.  Need  for  Further  Work  on  Prevention  of  Vacuum 

Breakdown  117 

REFERENCES  121 

APPENDIX  SUMMARY  OF  INDUCTANCE  DERIVATIONS  AND 
CALCULATIONS  FOR  THE  UNIFORM- GAP 
SPHERICAL  CAVITY  1  24 


v 


AFWL  TR-65-21 


ILLUSTRATIONS 

Figure  Page 


1  Three  Types  of  Transmission  Lines  and  the  Corre¬ 
sponding  Line  Impedance  Formulae  5 

2  Typical  Circuit  Employing  a  Transmission  Line  as  a 

Pulse  Generator  6 

3  Voltage  (heavy  line)  as  a  Function  of  Position  Along  a 

Transmission  Line,  at  Various  Times  Following  the 

Time  t  at  Which  One  End  of  the  Line  is  Short-Circuited  10 
o 

4  Voltage  Along  a  Transmission  Line  as  a  Function  of  Time, 

Following  the  Time  at  Which  One  End  of  the  Line  is 
Short-Circuited  11 

5  Schematic  Circuit  for  the  M?rx-Surge  Generator,  Indica¬ 

ting  Energy  Storage  Elements,  Switches,  Isolation  Charg¬ 
ing  Impedance,  Load  and  "Stray”  Capacitances  13 

6  Pressure- Voltage  Relationship  as  Affecting  Switch  Gap 
Firing  for  a  Typical  Marx-Surge  Pulser 

7  Possible  Marx-Surge  Generator  with  Three  Electrode 

Switches.  Strip  Line  Energy  Storage  Elements  are  Indi¬ 
cated,  but  the  Method  is  General  1® 

8  Two  Configurations  of  the  Blumlein  Circuit.  The  Same 

Circuit  Can  Employ  Coaxial  Lines  Rather  Than  the  Strip 
Lines  Shown  20 

9  The  Stacked  Blumlein  (a),  and  the  Marx-Surge  Genera¬ 
tor  with  Strip  Line  Energy  Storage  (b).  21 

10  Spiral  Coaxial  Pulse  Generator  23 

11  Voltage  Rise,  VA'B1,  as  a  Function  of  Time  (ramp-up) 
to  2n  Vchg  where  Vchg  =  Line  Charging  Voltage  and  n 

is  the  Number  of  Wraps  of  Either  Line  in  the  Spiral.  25 

12  Blumlein  Single  Switch  Which  Generates  an  Assymetrical 

Wave  in  the  Line  29 

13  Blumlein  Single  Switch  Which  Introduces  Nonunifoim 

Impedance  in  the  Line  30 

14  Relation  Between  Charging  (or  open  circuit)  Voltage, 
Characteristic  Impedance  and  Energy  Storage  Per 
Nanosecond  Output  into  a  Matched  Load 


vi 


AFWL  TR-65-21 


15  Relation  Between  Dielectric  Constant,  Electric  Stress 

and  Energy  Density  for  Dielectric  Storage  Material  34 

16  Coaxial  Generator  Design  Curves  for  Polyethylene 
Dielectric  and  a  Maximum  Electric  Stress  of  1 . 0 
Mv/inch.  The  Outer  Diameter  is  Shown  to  Depend 

on  Characteristic  Impedance  and  Open  Circuit  Voltage  36 

17  Coaxial  Generator  Design  Curves  for  Water  Dielectric 

and  a  Maximum  Electric  Stress  of  0.5  Mv/inch.  The 
Outer  Diameter  is  Shown  to  Depend  on  Characteristic 
Impedance  and  Open  Circuit  Voltage  37 

18  Calculated  Efficiency  and  Voltage  Transfer  Between  a 

Charged  Capacitor  Inductively  Charging  a  Second 
Capacitor.  The  Equivalent  Circuit  Usee,  in  the  Calcu¬ 
lations  is  also  Shown  39 

19  Sectioned  View  of  5  to  20  ohm  Exponential- Line  Pulse 

Transformer  42 

20  Schematic  Representation  of  Disc  Type  Transmission 
Line.  For  Constant  Impedance  the  Ratio  S/W  Must  Re¬ 
main  Constant  for  any  Radius  a,  thus  Adapting  to  a 
Small  Transducer  (small  a)  May  Imply  a  Chamber 


Spacing  too  Small  for  Satisfactory  Voltage  Hold-Off  44 

21  Schematic  Diagram  of  Exploding  Wire  System,  Indicat¬ 
ing  Hemispherical  Geometry  of  Transducer  Chamber  46 

22  Vacuum  Breakdown  Voltage  as  a  Function  of  Pulser 

Electrode  Spacing  49 

23  Schematic  Cross  Section  of  a  Flash  X-Ray  System  Show¬ 

ing  a  Method  of  Connecting  a  Hollow- Beam  Tube  to  a 
Blumlein  Generator  51 

24  Electron  Range  in  X-Ray  Tube  Target  as  a  Function  of 

Beam  Voltage  53 

25  Nomagraph  Relating  Beam  Voltage,  Current  Density  and 

Peak  Target  Temperature  for  a  Tungsten  Target  54 

26  Specific  X-ray  Yield  for  a  Tungsten  Target  as  a  Function 

of  Voltage  56 

27  X-Ray  Spatial  Intensity  Distribution  in  the  Megavolt 

Region  58 

28  Extimated  X-Ray  Dose  Rate  Distribution  in  Plane  Normal 

to  Tube  Axis  -  '  59 

29  Dependence  on  Mismatch  Factor  "a"  of  the  Relative  Out- 
pv  Voltage,  Current,  Power  and  Dose  Rate 


63 


AFWL  TR- 

65-21 

30 

Dependence  on  Total  Neutrc-  Yield  on  Electron  Energy. 
Curve  Based  on  Linac  Data 

68 

31 

Experimentally  Obtained  Energy  and  Voltage  Transfer 
Between  a  Charged  Capacitor  Inductively  Charging  a 

• 

Second  Capacitor.  The  Circuit  Used  Experimentally 
Including  Component  Values  is  also  Shown 

71 

• 

32 

Circuit  Used  to  Evaluate  Experimentally  the  Effect  of 
Distributed  Parameters  in  the  Primary  Storage  Unit 

73 

33 

Sectioned  View  of  50  ohm  1  Mv  Blumlein  Including  Water 
Loau  and  Current  Viewing  Resistor 

74 

34 

Assembled  Blumlein  Showing  the  Input  Gap  to  Corona 

Shield 

76 

35 

Blumlein  Disassembled  Showing  all  Components 

77 

36 

Blumlein  Charging  Inductor.  The  Inductor  is  2  4  Inches 
Long,  12  Inches  in  Diameter  and  has  64  Turns 

79 

37 

Blumlein  Measured  Output  Pulse  Using  Primary  Pulse 
Charging:  Top  200  kv/cm;  Bottom  500  kv/cm.  Sweep 
Speed  is  10  nsec/cm 

81 

• 

38 

Blumlein  Measured  Output  Pulse  Using  DC  Charging. 

Output  Amplitudes  are  22  kv  and  Oscilloscope  Sweep 
is  10  nsec/cm.  Top:  2-1/2  mils  Polyethylene  in  Gap. 
Bottom:  5  mils  Polyethylene  in  Gap 

82 

39 

DC  Voltage  Breakdown  as  a  Function  of  Pressure  for  Air 
and  Nitrogen  at  1/4  Inch  and  1/8  Inch  Spacing  Between  1 

Inch  Diameter  304  Stainless  Steel  Ball  Gaps 

90 

40 

DC  Voltage  Creep  Breakdown  for  Nylon  in  Nitrogen 
as  a  Function  of  Pressure  for  Various  Geometries 

91 

41 

DC  Voltage  Creep  Breakdown  for  Polyethylene  in 

Nitrogen  as  a  Function  of  Pressure  for  Various  Sur¬ 
face  Conditions 

92 

42 

DC  Voltage  Creep  Breakdown  for  Teflon  as  a  Function 
of  Nitrogen  Pressure 

94 

43 

Measured  Delay  (relative)  Between  Triggering  and 
Breakdown  of  a  Pressurized  Nitrogen  Spark  Gap  as 
a  Function  of  Gap  Voltage  (in  percent  of  self-fire) 

for  the  Conditions  Noted 

98 

viii 

AFWL  TR-65-21 


.  Ill'  :£ 


44  Delay  Jitter  is  Indicated  by  Plotting  Both  Minimum  and 

Maximum  Delay  Values  for  End  Condition.  The  Experi¬ 
mental  Apparatus  are  Indicated  in  the  Skecch  99 

45  Voltage  Breakdown  as  a  Function  of  Pressure  for  a 
Nitrogen  Spark  Gap,  With  and  Without  X-Ray  Gap 
Ionization.  A  Triggering  Latitude  of  Adoout  10  Per¬ 
cent  is  Seen  to  be  Obtained  Under  the  Conditions 

Indicated  101 

46  Effectiveness  of  X-Ray  Triggering  with  the  Apparatus 
of  Figure  45  in  Terms  of  Trigger  Latitude  (percent  of 
self-fire)  as  a  Function  of  Total  X-Ray  Dose  per  Pulse 

at  the  Spark  Gap  102 

47  Experimental  Oil  High  Voltage  Switch  Employed  in 
Demonstrating  Simultaneous  Triggering  of  Gaps 

Connected  in  Parallel  104 

48  Cross  Section  of  80  ohm  Coaxial  Blumlein  Pulse  Genera¬ 

tor  Showing  Location  of  Multiple  Switch,  Magnetic  Focus 
Inductor,  Charging  Inductor  and  X-Ray  Tube  108 

49  Cross  Section  of  2  ohm  Coaxial  Blumlein  Pulser  Showing 

Position  of  Charging  inauctors  and  Load  Chamber  112 

50  Cross  Section  of  2  ohm  Coaxial  B’umlein  Pulser  Spark  Gap 
Switch  Section  Showing  Voltage  Grading  Polyethylene 


Construction 

113 

51 

Hemispherical  Region  of  Under  Study  Showing  Breakdown 
of  the  Four  Subregions 

125 

52 

Semi-log  Plot  of  Inductance  as  a  Function  of  Wire 

Diameter 

133 

IX 


AFWL  TR-65-21 


TABLES 

Table  Page 

I  Exploding  Wire  Chamber  Parameters  47 

II  Breakdown  Data  85 

III  Breakdown  Data  86 

IV  Surface  Breakdown  Data  87 


X 


X 


mmmp 


A.FWT,  TR  -65-21 


ABBREVIATIONS  AND  SYMBOLS 


Area 


Ratio  of  load  resistance  to  output  impedance  RL/ Z 


Capacitance 


Velocity  of  EM  wave  in  vacuum 


(subscript)  Charging 


Diameter 


Diameter,  distance 


Electric  field 


Height 


Current 


Current 


Intensity,  X  ray,  on  axis  (0  =o 
Intensity  as  a  function  of  0 


Electron  current  density 


Inductance 


(Subscript)  Load 


Length 


(Subscript)  Matched  L/ Z  =  1 


(Subscript)  Maximum 


Million  volts 


Number  of  turns,  or  Neutron  flux 


AFWL-TR-65-21 


n 

Neutron 

o 

(Subscript)  Output,  or  initial 

P 

Powe  r 

P 

Pressure 

Q 

Reaction  threshold 

R 

Resistance 

R 

c 

Resistance,  charging 

rl 

Resistance,  load 

r 

Roentgen 

S 

Switch,  or  Spark  gap 

T 

Temperature 

T 

o 

Temperature,  initial 

£ 

o 

Time,  initial 

U 

Voltage,  gap  breakdown 

V 

Voltage 

V 

c 

Voltage,  charging 

V 

o 

Voltage,  output 

W 

Energy- 

w 

Width 

• 

X 

Dose  rate 

Z 

o 

Impedance,  characteristic 

ZG 

Impedance,  generator 

Z 

out 

Impedance,  output 

xn 


AFWL  TR-65-21 


V 

oc 

y 

6 

AV 

€ 

r 

€ 

O 

n 


o 


\ 

H- 

p 

Pv 

T. 

<r\9) 

(T0 

2To 

Tv, 


Velocity  of  an  EM  wave  in  a  dielectric 
Voltage,  open  circuit 

Factor  dependent  on  X-ray  source 
Propigation  constant 
Skin  depth 
Incremental  volume 
Dielectric  constant,  relative 
Permitivity  of  free  space 
Energy  transfer  ratio 

V^o  =  Intrinsic  impedance  of  free  space 
Cone  angle 

Free  space  wave  length 
Permeability 

Permeability  of  free  space 
Resistivity 

Voltage  transfer  ratio 

Maximum  relative  variation  of  dose 

Angular  Distance  as  a  function  of  Q 

Transit  time 

Pulse  length 

Transit  time,  in  w  direction 


xiii 


AFWL  TR-65-21 


SECTION  I 

INTRODUCTION 


Ultra-fast,  low-impedance,  high-peak-power  pulsed  systems  have 
proved  to  be  effective  energy  sources  for  driving  various  types  of  transduc¬ 
ers  to  produce  intense  X  rays,  high-density  electron  beams ,  extremely  high- 
temperature  plasmas,  etc. 

As  an  example,  fifteen  320  kv,  70  ohm,  50  ns  pulsers  were  success¬ 
fully,  simultaneously  discharged  in  parallel  into  a  common  'oad  in  a  20- 
billion  watt  exploding  wire  system  developed  by  Field  Emission  Corporation 
(Ref.  1)  for  the  Air  Force  Weapons  Laboratory,  Kirtland  Air  Force  Ease. 
This  specially  designed  apparatus,  complete  with  extensive  instrumentation, 
is  being  used  by  AFWL  for  the  sir  1  ;ion  of  nuclear  veapons  effects  by  the 
generation  of  plasmas,  shockwaves,  electromagnetic  radiation,  etc.,  by  ex¬ 
ploding  wires  of  various  types  and  geometries. 

While  the  foregoing  example  represents  a  significant  accomplishment 
it  appeared  possible  to  achieve  significantly  higher  peak-power  capabilities 
in  these  areas.  Therefore,  the  investigation  described  in  this  report  was 
initiated  for  the  purpose  of  identifying  promising  approaches  to  nevv  and 
better  pulsers,  to  determine  certain  arsas  of  difficulty,  to  evaluate  perform¬ 
ance  capabilities  and  to  weigh  the  relative  merits  of  the  various  pulser 
systems  with  respect  to  their  estimated  complexity  and  cost  of  development, 
and  manufacture.  This  s tudy  furthermore  calls  attention  to  certain  a ’•eas 
where  insufficient  engineering  information  is  presently  available  and  further 
studies  necessary. 

As  background  for  this  study,  Section  II  of  this  report  is  concerned 
with  some  general  aspects  of  energy  storage  and  delivery.  Specific  attention 
is  given  to  the  principles  of  operation  of  field  reversal  generators,  which  are 
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proposed  as  the  most  pro  nising  general  design  approach.  This  is  followed 
by  discussion  of  a  number  of  general  pulser  designs  and  related  circuitry. 
Attention  is  then  devoted  to  the  specific  areas  of  interest,  namely  a  modest 
energy  and  voltage  ultra-fast  exploding  wire  system,  and  a  higher  voltage 
system  design  for  radiation  effects  application.  Section  III  presents  certain 
design  support  data  which  are  pertinent  to  the  systems  discussed.  Section IV 
presents  detailed  design!'  proposed  for  achieving  a  number  of  specific  outputs. 
Finally,  Section  V  summarizes  and  evaluates  the  main  results  of  the  study 
and  reviews  certain  problem  areas  where  further  work  is  currently  needed. 
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SECTION  II 

GENERAL  DISCUSSION 


1 .  General  Principles  of  Operation 

The  principal  function  of  a  single-shot  or  low-repetition- rate 
pulsed  power  system  is  to  accept  energy  from  a  low  voltage  source,  over  a 
relatively  long  period  of  time  and  at  modest  current  level,  and  subsequently 
to  deliver  such  energy  with  maximum  efficiency,  at  high  voltage  and  current 
levels  and  within  an  extremely  short  time.  This  energy  is  usually  delivered 
to  some  kind  of  transducer,  such  as  an  exploding  wire  or  an  electron  tube, 
which  may  in  turn  generate  X  rays  or  neutrons  or  extract  the  electrons  into 
an  accessible  region.  The  basic  energy  conversion  efficiency  in  these 
processes  is  usually  quite  low  and  it  becomes  important  to  maintain  maxi¬ 
mum  efficiency  in  the  transfer  and  conversion  of  stored  energy  from  the 
pulser  to  the  transducer. 

Maximum  energy  can  be  transferred  to  the  transducer  in  mini¬ 
mum  time  when  an  impedance  match  is  maintained  between  the  power  source 
and  the  transducer  throughout  the  energy  delivery  process.  The  sensitive 
voltage  dependence  of  X  ray  and  neutrc  yields  suggests  the  possibility  of  in¬ 
creasing  radiation  output  by  intentional  high-impedance  mismatch  of  the 
transducer  -  -  however,  as  discussed  later  in  this  report,  consideration  of 
all  factors  involved  may  still  show  a  net  advantage  for  matched  load  opera¬ 
tion. 

For  many  applications  it  is  desirable  to  supply  the  transducer 
with  a  short  pulse  delivered  from  a  constant  impedance  source.  These  ob¬ 
jectives  can  be  met  by  use  of  either  distributed  or  lumped-constant  pulse¬ 
forming  networks,  provided  certain  requirements  can  be  satisfied:  namely, 
the  dielectric  storage  media  should  exhibit  low  volume  and  surface  leakage 
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(  reep)  during  the  time  of  charge,  and  should  withstand  very  high  fields  before 
the  onset  of  the  output  discharge;  high  energy  density  storage  may  be  impor¬ 
tant  (this  in  turn  may  dictate  the  use  of  high  dielectric  constant  materials  for 
energy  storage);  the  geometry  of  the  pulse  power  package  should  be  suitable 
for  efficient  energy  storage;  there  should  be  ready  access  to  the  storage 
elements  from  the  charging  source;  the  design  should  permit  effective  cou¬ 
pling  at  the  proper  impedance  level  either  directly  to  the  transducer  chamber 
or  to  a  transmission  system  capable  of  delivering  the  energy  undistorted  to  a 
transducer;  there  needs  to  be  a  reliable,  convenient,  efficient  method  of 
switching  the  energy  from  the  stressed  dielectric  to  the  load. 

It  has  long  been  recognized  that  switching  problems  are  among 
the  most  severe  encountered  in  the  design  and  development  of  a  suitable  low- 
impedance  fast-pulse  powrer  source.  Switching  energy  from  the  pulse r  to  the 
transducer  chamber  should  introduce  a  minimum  of  resistive  loss,  induct¬ 
ance  and  distortion.  Switches  should  exhibit  long  life,  or  at  least  have  read¬ 
ily  changeable  electrodes  and/'o’1  dielectric. 

Furthermore,  the  energy  delivered  by  the  pulse  generator  must 
be  coupled  to  the  transducer  by  means  of  a  transducer  chamber.  As  dis¬ 
cussed  later  in  this  report,  this  frequently  poses  serious  design  problems 
because  of  conflicting  requirements  for  impedance  matching,  voltage  break¬ 
down,  instrumentation  requirements,  etc.,  depending  on  the  specific  trans¬ 
ducer  employed. 

2.  Basic  Characteristics  of  Pulse-Forming  Lines 

Energy  storage  pulse-forming  lines  are  of  a  distributed  or 
lumped-const;:ni  nature.  As  pulse  lengths  become  shorter,  storage  net¬ 
works  become  preponderantly  of  the  distributed  type.  A  distributed  line  is 
constituted  of  two  electrodes  separated  by  a  dielectric  having  geometric  and 
dielectric  characteristics  such  that  a  constant  impedance  is  found  at  every 

point  of  the  line  at  any  point  along  its  length.  Formulas  relating  line  imped¬ 
ance  to  certain  line  geometries  are  given  in  Figure  1. 

To  illustrate  the  interrelationships  of  various  parameters,  con¬ 
sider  the  elementary  strip-luie -network  pulser  of  Figure  2,  where  is  the 
charging  potential,  R  the  load  resistance  and  W,  h  and  £  the  strip-line 
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Figure  1  Three  Types  of  Transmission  Lines  and  the 
Corresponding  Line  Impedance  Formulae. 
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Figure  2  Typical  Circuit  Employing  a  Transmission 
Line  as  a  Pulse  Generator. 


6 


AFWL  TR- 65-21 


width,  spacing,  and  length  respectively.  The  characteristic  impedance  of 


this  type  of  transmission  line,  neglecting  edge  effects,  is 


z  =77  h  i 

°  ° 


where  7?  is  the  intrinsic  impedance  of  free  space 


7l„ 


=  377  ohms 


€ r  the  relative  dielectric  constant,  and  and  the  permitiv'ity  and  perme¬ 
ability  of  free  space.  The  switch  S  isolates  the  energy  stored  in  the  line 


pulser  from  the  load  R  ,  which  is  assumed  t->  be  an  impedance  match  to  the 


pulser  for  the  present  discussion: 


R.  =  Z 
L  o 


Upon  switch  closure  a  voltage  wave,  which  can  be  approximated  by  a  step 
function  if  the  switch  is  nearly  ideal,  develops  across  the  load  at  a  voltage 


level  (for  the  matched  impedance  case): 


V  =  V  /2 
o  c 


The  pulse  length  of  the  voltage  applied  across  the  load  is  twice  the  electrical 
delay  length  ^/v  of  the  transmission  line  of  Figure  2,  or 

Zi  2  i  ~\[t r 


2  V 


where  v  is  the  velocity  in  the  dielectric  and  c  the  velocity  in  free  space.  The 
transient  phenomena  of  this  discharge  process  will  be  discussed  in  some 


detail  later  in  this  section. 


For  the  case  of  a  matched-load  impedance  all  the  energy  W 
stored  in  the  line  during  charging  will  be  delivered  to  the  load  in  the  time 
and  will  equal  the  Vlt  product: 
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W  =  V  It  =-~-  ~-  2r  = 

o  Ll  o 


C  '  o 

Tz 


(6) 


Noting  that  the  electric  field  or  stress  E  for  the  strip  line  is 


E  =  V  /h 
c 


(7) 


and  by  substitution  of  equations  (1),  (5)  and  (7)  in  equation  (6)  one  obtains 
the  stored  energy  W  in  the  line  as 


w  _  (Eh^Ziv/Cr  =  co  S2  hw^ 


(8) 


2h 


^o 


since 


c 


=  1M&  €o 


(9) 


Noting  that  the  volume  of  dielectric  in  the  strip  line  is  hw£  and  the  electric 
stress  E  is  approximately  uniform  over  this  volume  (if  edge  effects  are 
neglected),  one  immediately  obtains  the  energy  density  in  the  dielectric: 


W/ 


Av 


€ 

O 


(10) 


'T’his  well-known  formula  (Ref.  2),  obtained  for  the  strip  line  in  this  example, 
generally  applicable  to  dielectric  energy  storage  an^  will  be  used  in  subse¬ 
quent  sections  (e.  g.  ,  Section  II-7  and  Figure  15)  for  general  design  and  com¬ 
parison  purposes. 
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A  brief  discussion  of  elementary  considerations  regarding 
current  an-d  voltage  conditions  on  a  charged  line,  prior  to  and  during  termi¬ 
nation  in  a  load,  may  aid  in  predicting  current  and  voltage  wave  shapes  at 
any  point  along  a  line. 

Initially,  the  energy  in  a  charged  unterminated  line  can  be  con¬ 
sidered  to  be  divided  equally  between  two  traveling  waves  of  a  voltage  ampli¬ 
tude  V  /2  having  the  same  polarity  and  proceeding  in  opposite  directions, 
each  being  constantly  reflected  from  the  open  ends  of  the  line.  The  result¬ 
ant  voltage  ac  all  points  along  the  line  is  equal  to  the  charging  voltage,  while 
the  currents  are  equal  and  opposite  and  their  sum  is  everywhere  zero. 

(Refs.  3,4).  When  the  termination  at  either  end  of  the  line  is  perturbed 
(such  as  connecting  the  line  to  a  load)  the  reflection  at  that  end  of  the  line  is 
also  altered.  Only  the  open,  shorted,  or  matched  impedance  cases  will  be 
considered  here. 

The  subsequent  distribution  of  voltage  and  current  along  the 
line  as  a  function  of  time  and  position  can  be  forecast  by  treating  the  oppo¬ 
sitely  directed  waves  independently,  considering  the  reflections  that  occur  at 
each  end  of  the  line  and  then  reconstructing  the  wave  by  summing  up  the  com¬ 
ponent  waves  at  any  point  in  space  or  time.  A  voltage  reflected  at  an  open 
circuit  experiences  no  change  in  polarity,  while  reflection  at  a  short  circuit 
results  in  a  reversal  of  the  reflected  voltage.  Applying  these  principles  to 
the  simple  case  or  a  charged  line  shorted  at  one  end  at  time  tQ  while  remain¬ 
ing  open  at  the  other  end  Figure  3  shows  the  resultant  voltage  (heavy  trace) 
as  a  function  of  position  along  the  line;  this  voltage,  which  is  the  sum  of 
the  two  waves  (cross-hatched  and  nlain)  in  the  line,  is  given  for  several 
specific  times  expressed  in  terms  of  single  transit  time  units,  Tt  following 
shorting  at  one  end  at  time  t  .  In  Figure  3,  the  voltage  is  given  at  all 
positions  along  the  line  for  five  different  times,  namely  some  time  prior 
to  i  and  at  integral  multiples  of  TV  4  up  to  1  -  1  /4  T  following  switch  c'osure. 
It  can  be  shown  that  the  sequence  repeats  once  every  4 T,  following  shorting 
at  uiic  end  at  time  t  .  Figure  4  depicts  the  same  information  in  another 
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Voltage  Vt.  Dlstoncs  aiang  a  lino  initially  charged  to 
V  at  various  times  following  a  ahart  circuit  at  one  end 
at  time  t0 ;  one-way  transit  time  is  T. 


vr.Si^mg 

Source 
Vc  Volts 


Where  the  one  way 
transit  time  is  r 


Open  end 


Shorted 


Charging 

Voltage 

to  <-) 


end 


Figure  3  Voltage  (heavy  line)  as  a  Function  of  Position  Along  a 
Transmission  Line,  at  Various  Times  Following  the  Time  tQ  at 
Which  One  End  of  the  Lire  is  Short-Circuited. 
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Voltage  V*.  Time  at  various  poln*s  along  a  line  initally 
charged  to  voltage  Vc,  shorted  at  time  t0;  line  length 
«  i;  one-way  transit  time*T. 
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Figure  4  Voltage  Along  a  Transmission  Line  as  a  Function  of  Time, 
Following  the  Time  at  Which  One  End  of  the  Line  is  Short-Circuited. 
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manner  and  shows  the  voltage  as  a  function  of  time  at  the  shorted  end  and  at 
each  1/4  length  of  the  line  thereafter  to  the  open  end. 

The  open  end  voltage  is  of  major  interest  here  since  most  field 
reversal  pulsers  short  the  line  at  an  end  opposite  the  load;  the  reversed 
voltage  arrives  the  open  endT"  seconds  later,  and  then  persists  for  Z'T' 
seconds. 

While  the  open  circuit  voltage  pulse  from  a  single  line  is  equal 
to  the  charging  voltage,  the  voltage  developed  across  an  impedance  matching 
load  is  only  one-half  the  charging  voltage. 

3.  Marx-surge  Circuits 

For  high-power -line  type  pulsers  having  impedance  networks, 
the  voltages  on  the  networks  tend  to  become  high,  and  may  reach  values 
of  50  kv  or  more.  Such  high  voltages,  particularly  for  direct  current 
charging,  frequently  lead  to  engineering  difficulties,  and  some  form  of 
impulse-voltage  multiplication  is  desirable.  The  Marx  multiplier  circuit 
(Ref.  5)  may  easily  be  adapted  to  this  use. 

A  typical  four-stage  circuit  of  this  type  is  shown  in  Figure  5, 
including  effective  internetwork  capacitances  and  network  capacitances-to- 
ground.  The  charging  resistance  and  isolating  chokes  L  serve  to  conduct 
currents  to  the  several  pulse-forming  networks  during  direct  current  charg¬ 
ing,  while  preventing  the  condensers  fr  m  being  short-circuited  through  the 
gaps  during  the  pulse.  These  chokes  L  must  therefore  have  a  sufficient  in¬ 
ductance  to  prevent  an  undue  portion  of  the  pulse  current  from  being  lost 
through  them.  After  being  charged,  the  pulser  is  discharged  by  triggering 
the  initial  gap  either  by  means  of  a  third  electrode  or  by  some  form  of 
radiation  such  as  ultraviolet  or  X-ray  excitation.  The  subsequent  gaps  S-,  , 
S3  and  are  then  discharged  by  a  combination  of  overvoltage  and  ultra¬ 
violet  irradiation,  the  latter  requiring  adequate  optical  coupling  between 
and  subsequent  gaps. 

Figure  6  is  indicative  of  the  pressure-voltage  relationship  which 
may  be  measured  for  the  gap  firing  conditions  with  a  Marx-surge  pulser 


Charging  Voltage 
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Figure  6  Pressure- Voltage  Relationship  as  Affecting  Switch 
Gap  Firing  for  a  Typical  Marx-Surge  Pulser. 
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where  the  spark  gaps  are  enclosed  in  a  controllable  pressure  chamber  filled 
with  some  gas  such  as  nitrogen.  If  the  dc  charging  voltage  is  too  high  with 
respect  to  gap  pressure,  the  pulser  will  discharge  spontaneously,  termed 
self-fire.  If  the  voltage  is  below  a  certain  critical  level,  triggering  of  the 
spark  gap  will  result  in  discharge  of  only  that  gap,  with  the  energy  stored 
in  the  pulse-forming  networks  being  discharged  through  S  rather  than  R  - 

1  Lj 

The  pulser  is  normally  operated  at  an  intermediate  level  as  indicated  in 
Figure  6.  These  spark-gap-firing  conditions  may  be  understood  qualita¬ 
tively  by  a  more  detailed  examination  of  the  circuit  of  Figure  5,  taking  into 

consideration  the  internetwork  capacitances  (C  ,  C  and  C  )  and  the  network- 

a  b  c 

to-ground  capacitances  (C^,  and  C^).  The  method  of  explanation  is  an 
expanded  version  of  that  presented  by  Vorobyev  et  al.  ,  in  their  book:  High- 
Voltage -Testing  Equipment  and  Measurements,  I960  (Ref.  6).  This  book  is 
recommended  as  a  general  text  covering  high  -voltage  equipment  and  tech¬ 
niques,  both  dc  and  pulsed,  and  providing  general  background  for  more 
recent  high-voltage  developments. 

At  a  time  just  before  triggering  of  spark  gap  S^,  the  pulse¬ 
forming  networks  (PFN  1,  etc.  )  are  completely  charged  by  means  of  the 
power- supply  voltage  V^  through  R^  and  the  several  charging  inductors  L. 

The  circuit  junctions  1,  3,  5  and  7  (Fig.  5)  are  then  at  a  potential  V  ,  with 
junctions  2,  4  and  6  at  ground  potential. 

When  the  first  spark-gap  switch  is  triggered,  the  potential  at 
junction  2  will  increase  rapidly  to  the  same  potential  as  junction  1.  The  rise 
time  is  dictated  primarily  by  the  inductance  and  resistance  of  and  associ¬ 
ated  wiring  which  impedes  the  flow  of  current,  and  by  the  effective  capacity- 
to-ground  at  point  2(C,,  C  ,  etc),  which  must  be  charged.  The  inductances 

3. 

L  and  resistance  R^  are  selected  large  enough  to  permit  very  little  current 
flow  from  junction  2  to  ground  during  the  switching  rise  time;  hence  the  po¬ 
tential  (after  switching)  at  junction  2  will  be  just  below  V^,  provided  the 
energy  storage  of  PFN  1  is  substantially  greater  than  the  energy  required  to 

charge  the  capacity-to-ground  at  this  junction. 

Since  PFN  2  was  fully  charged,  junction  3  will  then  be  elevated 
in  potential  to  just  below  2VC  by  discharge  of  Sj.  The  potential  at  junction  4 
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will  then  depend  on  the  relative  values  of  the  various  internetwork  and  net¬ 
work-to-ground  capacitances.  Referring  to  Figure  5,  C  is  effectively 
shunted  across  S^,  and  will  tend  to  raise  the  potential  of  junction  4  'with  re¬ 
spect  to  ground.  However,  junction  4  is  coupled  directly  to  ground  through 
C2>  and  indirectly  through  and  ,  C^andCy  etc.  The  potential  t 
junction  4  will  jump  by  the  same  amount  as  the  change  in  potential  at 
junction  3  if  0^  is  much  larger  than  the  capacitance-to-ground,  or  to  a  value 
of  abort  V.  If  .8  much  larger  than  C^,  however,  junction  4  will  tend  to 
remain  at  approximately  ground  potential.  In  the  first  case,  the  voltage 

difference  across  S_  will  remain  ot  about  V  ,  and  gap  breakdown  will  not 

c 

occur.  For  the  latter  case,  the  voltage  difference  is  about  2V  and  S_  will 

c  2 

break  down,  provided  the  gap  pressure  and  spacing  are  proper. 

The  pressure-voltage  relationship  of  Figure  6  is  thus  explained: 
the  no-fire  potential  point  for  a  given  pressure  will  then  be  substantially 
lower  than  the  self-fire  point,  provided  that  the  Marx-surge  pulser  has  sub¬ 
stantially  higher  capacity-to-ground  than  internetwork  capacity.  Conversely, 
relatively  low  capacity-to-ground,  compared  to  the  internetwork  capacity, 
will  result  in  the  no-fire  point  being  very  close  to  the  self-fire  point. 

Even  with  substantial  overvoltage  of  gap  breakdown  will  occur 
quicker  with  less  time  jitter  (Ref.  7)  when  illumination  of  gap  is  achieved 
by  ultraviolet  coupling  between  gap  S  and  S  .  Coupling  of  all  of  the  gaps  in 

X  Cs 

this  manner  results  in  "priming"  or  creation  of  charged  particles  in  the  gaps. 
These  particles  initiate  electron  avalanches  in  the  presence  of  sufficient  gap 
voltage.  Exposure  of  a  spark  gap  to  sufficient  ultra*\  olet  radiation  can  lower 
the  self-fire  point  below  the  unirradiated  self-fire  potential  by  as  much  as  10 
percent,  although  with  considerable  delay  and  jitter  at  this  extreme  value 
It  is  therefore  possible  to  discharge  gap  somewhat  below  the  self-fire 
curve  of  Figure  6  even  with  little  or  no  capacity-to- ground,  provided  ultra¬ 
violet  gap  coupling  is  employed. 

Spark  gap  switch  (and  additional  gaps  of  pulsers  having  more 
sections  than  shown  in  Figure  5)  is  then  discharged  in  a  similar  manner. 

The  final  or  "output"  gap  (S  of  Figure  5),  which  isolates  the  load  R  from 
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the  charging  potential,  is  overvolted  and  breaks  down  when  the  potential 
jumps  at  junction  7  since  the  other  electrode  is  kept  at  about  ground  potential 
by  coupling  through  R  . 

J Lj 

With  a  circuit  such  as  that  indicated  in  Figure  7,  it  may  be 
possible  to  obtain  successful  operation  of  a  Marx-surge  generator  well  below 
the  self -fire  level,  but  without  the  necessity  of  network  capacity-to-ground. 

It  is  thus  perhaps  practical  to  extend  the  techniques  to  strip  line  (as  .shown 
in  Fig.  7)  or  coaxial  distributed-energy-st^rage  networks,  which  are  char¬ 
acterized  by  relatively  high  internetwork  capacitance  and  little  inherent 
capacity-tc-g  round. 

Pulsed  or  dc  charging  is  accomplished  through  the  two  sets  of 
inductors  at  the  far  end  of  the  storage  elements,  with  the  inductors  at  the 
'  witch  end  being  employed  to  maintain  the  trigger  needles  at  mid-gap  po¬ 
tential  during  charging.  In  the  charged  condition,  much  more  energy  is 
stored  in  the  dielectric  material  (1)  than  in  (2),  in  part  by  providing  a  larger 
spacing  in  (2)  than  in  (1).  Initiation  of  the  discharge  process  occurs  with 
firing  of  the  bottom  gap,  either  by  overvolting  (i.  e.  ,  pulse  charge),  or  by 
triggering  with  the  needle  electrode  as  indicated.  This  then  raises  the 
potential  of  the  following  gap  with  respect  to  its  needle  electrode,  causing 
this  gap  to  break  down,  etc.  ,  until  w.th  breakdown  of  the  top  gap  the  output 
voltage  appears  across  the  load. 

The  output  impedance  of  a  generator  of  this  type  is  the  sum  of 
the  line  impedances  of  the  individual  storage  dielectric  stages  (1);  however, 
the  rise  time  is  in  general  less  than  that  calculated  by  adding  the  inductances 
of  the  several  gaps,  since  the  voltage  is  not  applied  to  the  load  until  the  final 

gap  breaks  down. 

4.  Blumlein  Circuit 

A  Blumlein  circuit  is  a  simple  but  rather  ingenious  extension 
from  a  single  pulse-forming  line  to  a  line  which  contains  two  stages  but  re¬ 
quires  only  one  switch  located  at  the  line  end  opposite  the  load.  Its  output 
voltage  into  a  matching  load  is  equal  to  the  charging  voltage  (twice  that  of 
the  single-stage  matched  line),  its  pulse  length  is  twice  the  one-way  transit 
time  T  of  either  one  of  the  line  sections  (the  same  as  that  of  a  single  line  of 
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Figure  7  Possible  Marx-Surge  Generator  with  Three  Electrode  Switches. 
Strip  Line  Energy  Storage  Elements  are  Indicated,  but  the  Method  is  General. 
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equal  length),  and  its  impedance  is  the  s um  of  the  impedance  of  the  two  lines. 
Figure  8  is  a  simple  Blumlein  circuit,  Both  line  sections  are  charged  prior 
to  pulsing;  however,  no  voltage  appears  across  the  load  until  after  one  line 
section  is  shorted  by  the  switch  S  at  time  t  =  0.  The  voltage  reverses  at 
the  open  end  AA!  one  transit  timeT  later.  At  this  time  the  voltage  across 
AB  (the  sum  of  the  reversed  voltage  and  the  voltage  across  the  unswitched 
line)  is  equal  to  twice  the  charging  voltage  in  the  absence  of  a  load,  and  equal 
to  the  charging  voltage  in  the  case  of  a  matching  load,  since  the  lines  are  in 
essence  connected  in  series.  This  voltage  pulse  persists  for  a  period  equal 

to  2  r. 

It  is  re-emphasized  that,  while  the  output  voltages  of  the  two 
lines  add  directly,  their  impedances  also  add  directly. 

The  two-stage  Blumlein  circuit  can  be  considered  as  a  building 
block  from  which  extensions  to  higher  voltage  can  be  made  by  the  addition  of 
similar  building  blocks  in  a  stacked  circuit  as  illustrated  in  Figure  9a.  Simi¬ 
lar  to  the  two-stage  Blumlein  circuit,  the  multiple- stage  or  stacked  circuit 
in  the  charged  condition  (prior  to  switching)  has  alternating  field  lines  that 
cancel  each  other,  resulting  in  zero  yoltage  across  the  load..  Thus  a  load 
can  be  directly  connected  to  the  pulser  without  requiring  switch  isolation  of 
the  pulser  from  the  load.  Several  advantages  appear  in  favor  of  the  stacked 
circuit  over  that  of  the  Marx  circuit  (shewn  schematically  in  Fig.  9b).  Since 
energy  storage  in  all  the  dielectric  volume  becomes  available  to  the  load,  one 
achieves  greater  efficiency  of  energy  storage  as  well  as  a  higher  output  volt¬ 
age  for  a  given  stack  height.  The  stacked  circuit  lends  itself  to  simple 
assembly  and  construction  techniques.  Perhaps  the  greatest  advantage  is 
that,  in  comparison  to  the  Marx-surge,  the  slacked  Blumlein  circuit  requires 
only  one-half  as  many  switches  per  storage  element.  The  avoidance  of  an 
output  switch  in  the  case  of  the  Blumlein  circuit,  although  an  advantage, 
imposes  a  more  stringent  requirement  on  switch  synchronization  time  if  a 
good  output  pulse  waveform  is  to  be  achieved;  a  major  problem  area  in  the 
stacked  circuit,  is  that  of  attaining  the  necessary  synchronization  of  a  multi¬ 
plicity  of  switches.  If  it  is  found  that  pulse  synchronization  problems  cause 
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Strip  Type  Blumle'in  ( Unfolded  ) 


Two  configurations  of  the  Sluinlein  Circuit. 

The  same  circuit  can  employ  co--axial  lines  rather 
than  the  strip  lines  shown. 

Figure  8  Two  Configurations  of  the  Blumlein  Circuit.  The  Same 
Circuit  Can  Employ  Coaxial  Lines  Rather  Than  the  Strip  Lines  Shown 
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degra.dati.on  of  rise  time,  an  output  switch  can  be  inserted  bet\:’“en  the  load 
and  the  puiser  in  the  Blumlein  circuit  as  it  is  in  the  Marx-surge  circuit  or 
the  spiral  circuit;  bov'ever,  addition  of  an  output  switch  will  not  correct  fall 

time  degradation  due  to  poor  synchronization  of  the  input  switches. 

The  stacked  Blumlein  can  be  fabricated  in  either  a  strip-type 

configuration  or  in  a  coaxial  configuration.  The  latter  is  a  more  deeirable 
geometry  from  the  standpoint  of  connecting  to  a  transducer  chamber  and  from 
consideration  of  edge  effects  at  the  termination  of  electrodes  since  edge 
effects  in  one  dimension  are  eliminated  in  the  coaxial  configuration; 
however,  they  remain  in  the  other  dimension.  The  coaxial  arrangement 
provides  excellent  shielding,  is  a  very  low  loss  configuration  and  provides  a 
better  match  to  the  transducer  chamber;  however,  it  is  difficult  to  switch. 
The  well  shielded  geometry  reduces  the  capacitance -to -ground  normally 
experienced  in  the  Marx-surge  circuit.  Therefore,  the  firing  of  one  or  two 
gaps  does  not  result  in  overvolting  of  the  other  gaps  in  the  line,  and  other 
means  of  switching  must  be  provided.  Several  possible  swdtch  rigns  are 
considered  later  in  this  report;  laser  switching  (Ref.  8)  AFWL  paper  in 

solid  or  liquid  dielectrics  appears  promising. 

5.  Spiral  Coaxial  Generator  Circuit 

The  spiral  coaxial  generator,  schematically  represented  in 
Figure  10,  employs  the  field  reversal  principle  in  a  two-stage  Blumlein  con¬ 
figuration  composed  of  two  strip  lines.  Voltage  multiplication  in  the  circuit 
results  from  the  ingenious  spiral  physical  arrangement  of  the  lines.  A 
unique  feature  of  the  circuit  is  that  the  output  pulse  energy  is  removed  ortho¬ 
gonally  to  the  direction  of  propagation  of  the  reversal  wave  in  the  strip  line. 

Referring  to  Figure  10,  the  construction  of  the  spiral  coaxial 
generator  utilizes  a  sandwich  consisting  of  two  conductors  separated  by  a 
dielectric  (1),  with  a  second  dielectric  (2)  attached  to  the  outer  face  of  the 
inner  conductor.  When  arr  nged  in  a  spiral,  as  indicated,  the  conductor 
and  dielectrics  form  two  separate  transmission  lines.  Lines  1  and  2  becom’ 
storage  elements,  i.e.,  both  dielectrics  become  stressed  when  the  conductois 
A  and  A1  carry  charge,  (During  the  charge  time,  no  potential  difference 
exists  between  outer  contact  O  and  inner  contact  O'  since  alternate  dielectric 


22 


AFWL  TR-65-21 


layers  are  charged  oppositely}. 

One  of  the  lines  is  equipped  with  a  shorting  switch  which, 

when  shorted,  initiates  online  2  a  voltage  reversal  (Fig.  3)  which  propagates 

down  line  2  toward  the  center  of  the  spiral.  Each  time  the  wave  front  passes 

through  an  imaginary  radial  line,  e.  g.  ,  OO1  the  voltage  between  points  O 

and  O'  increases  by  an  amount  V  .  As  the  wave  front  reaches  the  open  end 

of  the  line  at  O'  it  reflects  back  on  itself  according  to  Figure  3  and,  each 

time  the  reflected  wave  front  passes  the  line  OO',  the  potential  between  O 

and  O'  further  increases  by  until  the  potential  at  all  points  of  line  2  are 

reversed.  Thus,  for  example,  if  there  are  20  wraps  of  line  2  and  20  wraps 

of  line  1,  t’»  e  maximum  potential  between  O  and  O'  becomes  40  V  .  The 

c 

dielectric  is  still  fully  stressed  (with  fields  in  lines  1  and  2  now  adding)  and 
the  potential  difference  between  OO'  is  a  maximum,  as  shown  in  Figure  11 
which  depicts  the  build-up  voltage  as  a  function  of  time. 

Energy  can  now  be  extracted  from  the  end  of  the  wrapped  line 
(axial  direction)  when  the  output  gap  is  closed  at  time  t^  so  as  to  make 
connection  to  the  output  load.  The  output  pulse,  for  the  above  example  and 
for  a  matched  load,  will  yield  a  voltage  of  20  V  and  will  have  a  pulse  length 
equal  to  twice  the  one-way  transit  time  of  an  E-M  wave  in  the  axial  direction 
of  the  pulser  (w  of  the  strip  lines).  The  generator  output  impedance  will  be 
approximately  that  of  a  coaxial  line  of  outer  radius  OO’  ana  ;nner  radius  of 
the  diameter  at  O'.  The  input  impedance  at  will  be  that  given  by  the  strip 
line  formula  and  will  be  low  compared  to  in  the  case  cited. 

Switch  should  have  very  low  dissipation  lo3S  because  of  the 
very  high  current  it  must  pass.  The  inductance  cf  this  switch  should  permit 
full  current  rise  in  a  time  substantially  less  than  the  voltage  build-up  time. 
Switch  must  be  a  high-voltage  switch  capable  of  very  fast  switching  at  the 
desired  voltage  point  during  the  charging  voltage  build-up. 

As  represented  in  Figure  10,  the  output  energy  is  available 
between  points  O  and  O'.  This  output  energy  can  be  carried  to  the  load 
either  by  a  wire  or  a  strip  type  transmission  line.  A  more  desirable  con¬ 
figuration  from  the  standpoint  of  impedance  matching  would  be  that  of  a 
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Figure  11  Voltage  Rise,  VA'B',  as  a  Functic 
(rarr.p-up)  to  2n  Vchg  where  Vchg  =  Line  Charg: 
and  n  is  the  Number  of  Wraps  of  Either  Line  in 
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coaxial  line;  however,  it  is  not  yet  apparent  how  to  accomplish  this  because 
of  fhe  difference  in  potential  that  exists  between  points  A  and  B  during  the 
pulse  time. 

The  practical  open-circuit  voltage  is  less  than  the  theoretical 

maximum  2nV  ;  Fitch  and  Howell  (Ref.  9)  discuss  three  loss  factors: 
c 

a)  The  first  depends  on  the  inductance  of  - the 

switch  time  constant  should  be  about  one-tenth 
that  of  the  voltage  build-up  for  a  drop  of  10 
percent. 

b)  The  second  depends  on  resistive  akin  losses  in 
the  conductors  and  hence  on  resistivity  and  certain 
generator  dimensions. 

c)  The  third  loss  factor  is  related  to  the  interconnect¬ 
ing  of  regions  of  different  potential  by  the  two  con¬ 
tinuous  conductors,  permitting  some  energy  flow 
during  the  charging  build-up  which  reduces  the 
potential  difference. 

This  loss  increases  as  the  ratio  of  the  outside  diameter  of  the  generator  to 
the  inside  diameter  increases,  i.  e.  ,  as  the  generator  output  impedance  in¬ 
creases.  A  30-ohm  generator  would  thus  be  expected  to  have  a  lower  ratio 
of  measured-to-theoretical  output  voltage  than  a  10-ohm  model. 

At  relatively  low-impedance  levels,  the  spiral  coaxial  pulser 
appears  desirable  as  a  multiple -stage  voltage-step-up  pulser,  since  fewer 
switches  are  required  than  for  the  stacked  Blumlein  or  Marx-surge  circuits 
of  Figure  9.  Eoth  the  stacked  Blumlein  and  the  spiral  generator  have  an  ad¬ 
vantage  over  the  Marx-surge  circuit  because  all  of  the  dielectric  material 
is,  in  principle,  used  for  deliverable  energy  storage. 

At  impedance  levels  of  the  order  of  20  ohms  or  greater,  the 
third  loss  factor  mentioned  above  becomes  sufficiently  great  that  the 
delivered  energy  is  appreciably  less  than  the  stored  energy,  and  consequent¬ 
ly  the  stacked  Blumlein  may  in  principle  be  .more  desirable.  A  final  choice 
would  require  further  development  of  both  types  of  pulser s. 
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6.  Rise  Time  Considerations 

Pulse  rise  time  In  several  of  the  above  pulser  designs  is 
affected  by  several  parameters  subject  to  varying  degrees  of  control.  Cer¬ 
tain  applications  may  stress  rise  time,  while  others  may  relegate  it  to  a 
lesser  role.  The  following  rise  time  discussions  are  confined  to  the  switch 
end  of  a  Blumlein  circuit;  rise  time  considerations  dealing  with  the  output 
end  of  the  pulser  will  be  discussed  later,  in  connection  with  Transducer 
Chamber  design. 

For  switching  a  Blumlein  pulser  circuit,  i.e.,  providing  a  short 
circuit  at  the  line  end  remote  from  the  load,  a  desirable  switch  would  be  one 
which  had  the  following  characteristics:  constant  impedance  from  the  line 
to  the  switch,  little  or  no  inductance  in  the  switch  itself,  a  distributed  switch 
which  shorted  simultaneously  every  point  of  the  transmission  line  termi na¬ 
tion,  minimum  energy  dissipation  in  the  switch,  and  finally  very  long  switch 
life  or  at  least  a  switch  design  permitting  easy  maintenance. 

6.  a  Switch  Inductance 

Switch  inductance  will  be  distributed  between  the  induct¬ 
ance  of  the  leads  connecting  the  line  to  the  switch  and  the  switch  gap  itself. 

Tne  minimum  gap  distance  in  the  switch  is  determined 
by  the  dielectric  strength  of  the  switch  materia]..  This  distance  can  be  very 
short,  particularly  for  the  case  of  solid  or  liquid  dielectrics;  however, 
following  switch  breakdown  solid  dielectrics  have  to  be  replaced. 

The  length  of  switch  leads  will  be  determined  by  design 
considerations  involving  space  requirements  around  the  switch,  i.e.,  charg¬ 
ing  access  to  the  pulser,  s  witch  insulation,  gap  spacing,  provision  for  plug-in 
switches,  arc-  residue  control,  etc.  The  effect  of  switch  inductance  is  to 
degrade  rise  time,  which  is  determined  by  the  L/R  time  constant  (where  L  is 
the  switch  inductance  and  R  is  the  resistance  of  the  line  and  gap).  Rise  time 
between  the  10  and  90  percent  points  is  equal  to  2.2  times  the  L/R  time 
constant.  Since  the  lines  described  herein  are  generally  of  very  low  im¬ 
pedance,  switch  inductance  must  be  correspondingly  low  and  becomes  a  very 
important  parameter  requiring  minimization. 

6.  b  Transit  Time  Effects 

Solid,  liquid  or  gaseous  dielectrics  may  be  utilized  as 
switch  dielectrics.  Such  dielectrics  can  generallybe  broken  down  at  discrete 
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points  but  seldom  continuously  over  a  large  area.  The  present  availability 
of  laser-type  switching  may  provide  a  new  and  very  desirable  flexibility  in 
switching  techniques.  For  fast-rise-time  pulse  generation,  it  becomes  im¬ 
portant  that  the  switch  provide  a  short  circuit  continuously  along  the  entire 
end  of  the  line,  if  at  all  possible.  Under  these  conditions  a  voltage  reversal 
propagates  uniformly  with  radial  symmetry  from  the  switch  at  the  shorted 
end  of  the  line.  However,  shorting  at  point  A  of  Figure  12  results  in  a 
perturbation  which  will  not  be  felt  at  point  B  until  a  period  of  time  following 
switching  equal  to  the  single  transit  time  between  point  A  and  B  through  the 
storage  media.  Thus,  following  switching,  a  reversal  wave  at  A  begins  to 
propagate  toward  C  but  will  not  begin  to  propagate  from  B  toward  D  until  a 
later  time.  Thus  an  asymmetrical  wave  propagates  down  the  line  and  arriveB 
at  the  load  end  resulting  in  the  load  experiencing  a  rise  time  which  is  not  a 
step  function  but  is  a  ramp  having  a  length  related  to  the  transit  time  from 
A  to  B.  It  becomes  important  then  to  switch  at  as  many  points  around  the 
periphery  of  the  Blumlein  as  is  possible.  By  using  a  technique  such  as  beam 
splitting,  laser  triggering  appears  well  suited  to  the  simultaneous  triggering 
of  many  parallel  gaps.  A  further  advantage  is  gained  by  the  absence  of 
electrical  connections,  with  consequent  simplification  and  probable  improve¬ 
ment  in  gap  stability  (Ref.  8). 

A  seemingly  apparent  alternative  is  to  switch  at  a  point  every¬ 
where  equidistant  from  the  end  of  the  Blumlein.  This  point  would  necessar¬ 
ily  lie  along  the  axis  of  the  line.  However,  as  can  be  seen  in  Figure  13  if 
the  section  connecting  the  transmission  line  to  the  switch  has  uniform 
dielectric  constant  the  impedance  is  found  to  increase  from  the  line  to  the 
switch;  for  example,  the  impedance  at  AA'  is  greater  than  the  impedance  at 
a  cut  through  BB'  which  is  greater  than  the  impedance  at  a  cut  through  CC'. 
Thus  transit  time  variations  can  be  avoided,  but  at  the  expense  of  introduc¬ 
ing  a  nonuniform  impedance  between  the  end  of  line  CC  and  the  switches. 

Cne  means  of  circumventing  this  difficulty  would  be  to  provide  a  graded 
dielectric  material  between  the  end  of  the  line  and  the  switch  such  that,  to  as 
high  a  degree  as  possible,  a  uniform  impedance  is  found  at  any  point  through 
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Figure  13  Blumlein  Single  Switch  Which  Introduces 
Non-Uniform  Impedance  in  the  Line. 
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the  cross  section.  Such  a  dielectric  material  is  not  known  to  be  readily 
available  or  easy  to  construct  for  applications  where  high  dielectric  hold-off 
is  required. 

7.  General  Design  Considerations 

The  output  pulsed  voltage  durations  of  interest  for  the  proposed 
generators  are  of  the  order  of  tens  cf  nanoseconds  and  are  probably  produced 
most  efficiently  by  discharge  of  distributed-line  pulsers,  where  the  storage 
elements  are  coaxial  or  strip  lines.  When  viewed  with  respect  to  the  load, 
the  pulsed  generator  output  circuit  behaves  as  an  individual  line  having 
specific  values  of  open  circuit  voltage  V characteristic  impedance  Z  and 
pulse  duration  27^.  The  output  voltage  V  when  the  generator  is  operated 
with  a  matched  load  (i.e.  ,  R^=  Z^)>  which  will  be  assumed  in  the  following 
discussion. 

The  pulser  output  power  delivered  to  the  load,  in  joules  per 
nanosecond,  is  2 

W/At  =■  1000  V  /Z  joules/nanosecond  (H) 

o  o 

if  is  in  megavolts  and  Z^  in  ohms.  The  factor  of  1000  results  from 
conversion  from  standard  (mks)  units  to  those  specified.  For  convenience 
this  relationship  is  shown  in  graphical  form  in  Figure  14.  For  example, 
consider  the  desired  exploding -wire  specifications  of  1000  joules  to  be  de¬ 
livered  in  10  nanoseconds  (i.  e.  ,  100  joules /nanosecond)  into  a  matched  load 
at  an  output  voltage  of  500  kv.  Assuming  no  loss  and  zero  rise  and  fall  times, 
a  2.  5  ohm  generator  impedance  is  indicated. 

The  problem  of  size  is  also  of  interest  in  generator  design, 
since  excessive  volume  not  only  may  be  bulky  and  costly,  but  also  may  give 
rise  to  excessive  inductance  and/or  capacitance,  depending  on  the  particular 
design  employed.  A  brief  discussion  of  some  factors  affecting  size  is  there¬ 
fore  appropriate. 

A  general  formula  for  the  energy  storage  density  was  given  as 
equation  (10)  ir.  Section  II -2 ;  this  can  be  expressed  in  more  convenient  units 

a  W/AV  =  195  «rE2  joales/foot3  (12) 

where  e  is  the  relative  dielectric  constant  and  E  the  electilc  field  in  Mv/inctu 
r 
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This  relationship  is  presented  graphically  in  Figure  15.  A  word  of  caution 

is  in  order  concerning  certain  ceramic  materials - the  dielectric  constant 

may  decrease  substantially  at  higher  voltage  gradients,  and  hence  a  detailed 
study  of  dielectric  constant  versus  electric  field  is  required  for  an  estimate 
of  energy  storage  density. 

Also  of  interest  is  the  pulse  length  2^  obtained  from  a  distrib¬ 
uted  line  with  relative  dielectric  constant  €^.  Expressing  equation  (5)  above 
in  more  convenient  units  one  obtains  the  pulse  length  per  unit  line  length  as: 

2 T  /J/=2.03e  nanoseconds/foot  (13) 

o  r 

A  1-foot  line  would  thus  give  a  pulse  length  of  2.03  nanoseconds  for  vacuum 
dielectric,  about  3.0  nanoseconds  for  polyethylene  or  certain  transformer 
oils  («  =2.2),  about  18  nanoseconds  for  water  (e^=78)  and  about  100  nano¬ 

seconds  for  ceramic  dielectric  (if  s^=2430).  It  is  immediately  apparent  that 
the  length  of  energy  storage  lines  is  quite  short  for  high- dielectric -constant 
materials,  particularly  for  the  short  pulse  durations  of  interest.  This  short 
length  requires  increased  width  and/or  height  to  attain  a  given  stored  energy, 
compared  to  energy  storage  at  the  same  energy  density  with  a  lower  dielec¬ 
tric  constant.  Also  end  effects  problems  are  exaggerated,  particularly  since 
the  maximum  electric  fields  are  considerably  lower  than  those  permissible 
with  the  other  dielectrics.  Referring  to  equation  (1)  and  Figure  1  above,  the 
problem  of  impedance  matching  is  also  more  difficult.  The  successful  use  of 
relatively-high-dielectric-constant  material  in  a  low  impedance  system 
(i.e.,  4.7  ohm  at  320  kv)  has,  however,  been  noted.  (Ref.  1). 

Two  of  the  more  popular  dielectrics,  polyethylene  and  water  are 
considered  as  examples  for  the  higher  voltages  and  short  pulse  lengths  of 
interest  in  this  study.  Based  on  design  support  data  mentioned  later  in  the 
repcrt,  maximum  electric  field  values  (pulse  charged)  of  1.0  .4 v/ inch  for 
polyethylene  and  0.  5  Mv/inch  for  water  are  assumed  for  the  following  design 
discussion. 

At  first  examination,  use  of  a  strip  line  pulser  geometry  appears 
quite  attractive,  since  all  the  space  is  used  for  dielectric  storage,  in  contrast 
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Figure  15  Relation  Between  Dielectric  Constant,  Electric 
and  Energy  Density  for  Dielectric  Storage  Material. 
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with  the  vohme  wasted  within  the  inner  conductor  of  a  coaxial  pulser.  The 
latter  coaxial  design,  however,  has  several  advantages  over  the  strip  line 
design: 

a)  The  high  voltages  (and  electromagnetic  radiation) 
can  fee  contained  with  a  minimum  of  design  problems, 

b)  connection  to  a  coaxial  (and  perhaps  hollow-beam) 
tube  or  other  load  appears  to  be  practical  with 
minimum  inductance  and  difficulty,  and 

c)  field  enhancement  edge  problems  are  encountered 
at  only  two  ends,  compared  with  both  the  sides  and 
ends  of  the  strip  line. 

The  coaxial  design  is  therefore  the  only  type  considered  for  the  relatively 
low  impedance  systems  of  interest  in  this  study. 

Overall  dimensior.s  are  important,  since  excessive  size  may 
prove  undesirable  with  respect  to  construction,  service  and  required 
facilities.  Figures  16  and  17  are  provided  to  indicate  the  miiumum  sizes 
that  can  be  expected  for  the  dielectrics  and  maximum  field  strengths  speci- 
*  fied,  covering  voltages  and  impedances  of  interest  in  this  study.  Actual 

diameters  will  be  larger  -  after  allowances  for  edge  field  enhancements  (for 
the  simple  Biumlein  design)  for  intermediate  conductors  (for  multiple -stage 
Blumlein  designs  or  for  conductors  and  insulation  (for  Marx-surge  designs). 

Comparison  of  Figures  16  and  .’7  would  indicate  that  water 
dielectric  generators  are  more  compact  below  an  impedance  level  of  10  ohms, 
for  the  same  output  voltage  and  impedance.  The  increase  in  diameter  at 
higher  impedance  values  arises  from  sizeable  field  enhancement  at  the  rela¬ 
tively  small,  inner  conductor  required  to  give  a  high  impedance. 

The  use  of  water  dielectric  appears  impractical  for  an  80  ohm 

generator  impedance,  as  specified  for  the  X-ray  generator  design,  because 

-5 

of  the  extremely  small  inner-to-outer  diameter  ratio  (about  10  )  required 

to  give  this  impedance  in  a  coaxial  geometry.  Referring  to  Figure  17,  a 
minimum  outer  diameter  of  2.  5  feet  at  2  Mv  or  5  feet  at  4  Mv  would  be  re¬ 
quired  with  polyethylene  at  an  80  ohm  impedance  level.  A  length  of  6.6  feet 
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Coaxial  Generator  Design  Curves 
Polyethylene  Dielectric  €r  •  2.26 
Voltage  Gradient:  1.0  Mv/inch 

% 
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Generator  Impedence,  ZG,  in  Ohms 


Figure  16  Coaxial  Generator  Design  Curves  for  Polyethylene 
Dielectric  and  a  Maximum  Electric  Stress  of  1.  0  Mv/inch.  The 
Outer  Diameter  is  Shown  to  Depend  on  Characteristic  Impedance 
and  Open  Circuit  Voltage. 
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for  20  nanoseconds  or  16  4  feet  for  oO  nanoseconds  would  be  required,  us:ng 
equation  (13)  and  a  dielectric  constant  of  Z.  26. 

An  impedance  level  of  1  or  2  ohms,  with  corresponding  matched- 
load  voltages  of  300  or  500  kv,  is  specified  for  the  exploding  wire  pulser 
design,  with  a  puise  length  of  10  nanoseconds.  A  minimum  outer  diameter 
of  1. 5  feet  and  length  of  0.  56  feet  would  be  required  with  water  dielectric, 
or  about  a  4  foot  outer  diameter  and  3.  3  foot  length  with  polyethylene,  based 
on  Figures  16  and  17  and  equation  (13).  The  choice  of  dielectric  in  this  case 
would  depend  on  consideration  of  all  problems,  since  both  types  are  possible 
geometrically. 

8.  Pulse  Charging  Considerations 

As  indicated  in  the  design  support  data  section  of  this  report, 
advantages  may  frequently  be  obtained  by  pulse  charging  the  energy  storage 
dielectric  in  the  case  of  certain  designs  such  as  Blumlein  Pulsers.  With 
such  pulse  charging  it  is  frequently  possible  to  operate  at  substantial  voltage 
.gradients  with  liquid  dielectrics  at  high  gradients.  Surface  "creep"  break¬ 
down  is  also  frequently  minimized  for  such  pulse  charging. 

Initial  calculations  and  certain  experimental  studies  referred 
to  later  were  performed  to  determine  the  energy  and  voltage  transfer 
efficiencies  when  a  capacitor  C.,  charged  t.o  V  ,  is  discharged  through  an 
inductor  into  a  second  capacitor  C^.  The  voltage  across  is  a  damped 
sinusoidal  function  of  time,  which  during  the  first  half  cycle  goes  through 

its  maximum  value  V  corresponding  to  a  maximum  energy  transfer 

2 

W  =1/2  C_V  .  The  first  order  expressions  derived  for  the 

o  max  2  o  max 

circuit  of  Figure  18  are  given  below: 


W 

o  max 


Ci  +  C2 


CI  C2 

(ci  +  (V: 


1  +  exp  -  tt  R 
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1  +  exp  j  -  rr  R 
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where  y^is  the  voltage  transfer  ratio ,T[  the  energy  transfer  ratio,  and 
is  the  equivalent  series  capacitance  (i .  c . ,  1/C  =  1/C  .  +  1/C„;. 
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Figure  IS  is  a  plot  of  tli coc  ratios  do  d  function  of  the  ratio  of 
output  to  input  capacity,  ass'iming  the  equivalent  series  resistance  for  the 
system  is  relatively  small,  as  defined  at  the  top  of  Figure  18,  i.e.,  assum¬ 
ing  the  exponential  factors  above  to  be  essentially  unity. 

Of  special  interest  is  the  fact  that  the  energy  transfer  efficiency 
can  be  made  to  be  100  percent  for  matched  values  of  capacity  in  the  primary 
and  secondary  storage,  irrespective  of  the  inductance  value.  Therefore, 
when  charging  a  Blumlein  generator  from  a  Marx-  surge  capacitor  primary 
pulser,  the  effective  series  output  capacity  of  the  Marx-surge  pulsar  should 
equal  the  input  capacity  of  the  Blumlein  circuit  as  seen  during  charging,  if 
one  seeks  the  most  efficient  possible  use  of  the  energy  stored  in  the  Marx- 
surge  stage.  As  will  be  noted  later,  the  distributed  inductance  in  the  charg¬ 
ing  circuit  does  not  adversely  affect  the  energy  transfer  efficiency.  Or  the 
other  hand,  the  foregoing  equations  and  Figure  18  indicate  the  existence  of  a 
trade-off,  and  show  that  it  is  possible  to  achieve  a  significant  voltage  step-up 

/■5  at  the  cost  of  some  loss  in  energy  transfer  efficiency  (e.e., 

v  max 

P  =1.4  at  7?  =84%). 

/  v  max  '  max 

9.  Impedance  Transformers 

Tapered  transmission  lines  have  been  used  in  certain  circum¬ 
stances  to  provide  impedance  transformation  where  it  is  necessary  to  match 
a  load  resistance  of  one  value  to  a  generator  or  transmission  line  having  a 
different  characteristic  impedance.  For  constant  power,  a  given  voltage 

2 

transformation  by  some  factor  x  requires  an  impedance  transformation  ::  . 
For  example,  if  operation  of  a  load  resistance  of  20  ohms  at  6  rnegavolts  is 
required  from  a  3-megavolt  (matched-load)  generator,  this  generator  would 
have  to  have  an  internal  impedance  of  5  ohms  for  optimum  power  transfer. 
Referring  back  to  Figure  16  and  interpolating,  the  requiied  6-megavolt 
open-circuit  5-ohm  generator  would  have  an  outer  diameter  of  about  8.3  feet, 
somewhat  larger  than  the  corresponding  12-megavolt  open-circuit  20-ohm 
generator  diameter  of  about  7  feet.  This  increase  in  physical  size,  however, 
might  be  offset  by  advantages  of  operating  at  a  lower  storage  voltage  and 
having  more  uniform  gradients. 
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A  practical  limitation  of  uniformly  tapered  transmission  lines 
is  the  electrical  length  required  for  minimum  pulse  distortion  and  energy  re¬ 
flection.  As  a  rule  of  thumb,  the  line  should  be  approximately  3  wave  lengths 
long  at  the  frequency  corresponding  to  the  fundamental  of  the  Fourier  pulse 
analysis.  For  a  30 -nanosecond  pulse,  this  would  correspond  to  an  electrical 
length  of  about  180  nanoseconds;  a  physical  length  of  120  feet  would  then  be 
required  with  polyethylene,  or  about  20  feet  with  water.  It  might  be  possible 
to  reduce  these  figures  substantially  by  employing  a  spiraled  inner  conductor, 
but  this  would  in  turn  introduce  problems  of  voltage  gradients  and  termination 
connections. 

Shatz  and  Williams  (Refs.  10  and  11)  have  indicated  the  practi¬ 
cality  of  maintaining  low  pulse  distortion  with  exponentially -tapered  lines 
for  certain  conditions  (e.  g.  ,  pulse  lengths  of  5  to  20  nanoseconds  and  voltage 
step-up  ratios  of  2  to  4).  The  shape  required  in  the  tapered  conductor  is 
given  by  the  expres  sion  for  the  ratio  of  radii  (in  terms  of  sending  end  atio 
of  radii  R^/R^)  as 

r^/r^CR^/R^)  6Xp  ^ 

where  r^  and  r^  are  the  inner  and  outer  radii  at  the  output  end,  R^  and  P 
the  inner  and  outer  radii  at  the  input, V  the  flare  coefficient  and  x  the  line 
length.  Design  curves  given  by  these  authors  permit  ready  computations  of 
the  conductor  taper,  pulse  distortion,  efficiency  and  voltage  step-up  ratio. 

For  example,  consider  such  a  transformer  for  a  10  nanosecond  pulse,  with 
water  dielectric,  5  ohm  input  (generator)  impedance  and  20  ohm  output  im¬ 
pedance.  The  input  and  output  radii  ratios  are  2.11  and  20  respectively  and 
a  line  length  oi'  22  inches  would  give  a  maximum  pulse  distortion  of  5  percent 
and  a  voltage  step-up  ratio  of  1.8,  or  90  percent  of  theoretical.  A  sketch  of 
such  a  transformer  is  shown  in  Figure  19. 

10.  Transducers 

The  function  of  a  transducer  chamber  is  to  couple  energy  from 

the  pulse -forming  line  (e.g,  ,  the  Blumlein  circuit  discussed  above)  to  the 
transducer  (e.g.  ,  an  exploding  wire  or  a  flash  X-ray  tube).  It  must  in  many 

cases  accommodate  internal  as  well  as  external  diagnostics,  such  as  optical 
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Figure  19  Sectioned  View  of  5  to  20  ohm  Exponential-Line  Pulse  Transformer 
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viewing  of  the  event  from  outside  the  chamber  (e.g.,  exploaing  w. re  phenom¬ 
ena,  EWP)  or  electrical  measurements  performed  inside  or  close  to  the 
chamber.  The  chamber  should  also  be  capable  of  withstanding  significant 
overvoltage  in  the  event  of  an  impedance  mismatch  between  the  load  and 
generator.  Furthermore,  the  energy  must  be  delivered  to  the  transducer  in 
the  desired  pulse  shape,  which  normally  requires  that  the  chamber  and  trans¬ 
ducer  present  to  the  pulser  a  matched  impedance  load  with  minimum  induct¬ 
ance. 

The  impedance  matching  problem  may  be  a  serious  one  since 
transmission  lines  of  some  type  will  be  employed,  and  the  only  adjustable 
parameters  controlling  impedance  are  line  dimensions  (spacing)  and  the 
dielectric  constant  of  the  insulating  media,  if  the  transducer  is  inevitably 
much  smaller  than  the  dimensions  of  the  coaxial  generator,  as  in  the  case  of 
an  exploding  wire  load,  obtaining  a  good  impedance  match  may  be  difficult  or 
even  impossible.  This  can  be  better  understood  with  the  aid  of  Figure  20, 
showing  a  cross  section  of  a  disc-transrriis sion  line  which  can  be  considered 
to  be  a  simplified  approximation  to  a  hemispherical  chamber  having  small 
spacing  at  the  apex.  The  impedance  of  this  disc-type  line,  considering  the 
pie- shaped  section  of  Figure  20  and  applying  the  impedance  formulae  for 
strip  lines  (Figure  1)  indicates  that  the  spacing  must  decrease  steadily  as 
the  transducer  size  (diameter  in  this  case)  decreases.  Thus,  good  impedance 
match  to  a  small  transducer  such  as  a  wire  may  imply  a  chamber  spacing  too 
small  for  satisfactory  voltage  hold-off  and  therefore  prove  unfeasible. 

Two  obvious  alternatives  exist.  One  is  to  maintain  sufficient 
spacing  to  provide  adequate  voltage  hold-off  resulting  in  an  impedance 
mismatch  wnich  will  appear  as  added  circuit  inductance.  The  other  alterna¬ 
tive  is  to  grade  the  dielectric  constant  of  the  line  as  it  approaches  the  trans¬ 
ducer  in  order  to  maintain  constant  impedance  while  varying  line  spacing. 

This  implies  a  flexibility  not  fully  available  at  present  in  selection  or  con¬ 
struction  of  dielectric  materials  and  certainly  impossible  with  gases.  Al¬ 
though  at  the  cost  of  some  mismatch,  transition  from  low  to  high  dielectric 
constant  material  may  be  made  in  one  abrupt  step  (e.g.,  from  a  storage  line 
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solid  dielectric  of  low  dielectric  constant  to  a  liquid  of  high  dielectric 
material  in  the  vicinity  of  the  load  permits  the  use  of  greater  spacing  usually 
resulting  in  greater  voltage  hold-off).  Specific  application  will  dictate  where 
liquid  and/or  solid  dielectric  materials  can  oe  employed  in  the  vicinity  of  the 
transducer. 

As  indicated  in  the  foregoing  discussion,  the  primary  function  of 
the  transducer  chamber  is  to  convey  as  efficiently  as  possible  e  lergy  from 
the  pulse  generator  to  the  device  being  excited.  A  case  of  immediate  interest 
to  this  study  is  the  design  of  an  exploding  wire  chamber.  A  secondary  but 
important  function  in  the  design  is  incorporation  of  features  for  diagnostics, 
including  voltage,  current  and  di/dt  monitoring  as  well  as  use  of  aperturing 
and  suitable  dielectric  media  (e.g.,  vacuum  gas)  for  optical  viewing. 

Relative  to  time  scales  considered  here,  the  use  of  modest 
apertures  dees  not  appear  to  greatly  affect  the  energy  delivered  or  its  rate 
of  transfer,  nor  does  the  inclusion  of  various  electric  diagnostic  sensors. 
Thus  the  problem  centers  on  maintaining  a  constant  impedance  in  the  trans¬ 
mission  system.  However,  since  this  cannot  be  readily  accomplished  in 
most  chambers,  the  problem  becomes  one  of  minimizing  the  effective  series 
inductance  by  maintaining  as  small  a  spacing  between  electrodes  as  possible, 
while  avoiding  breakdown  which  would  shunt  energy  from  the  exploding  wire. 

Consideration  of  various  possible  geometries  leads  to  selection 
of  spherical  geometry,  as  illustrated  in  Figure  21  which  gives  a  schematic 
view  of  a  pulse-charged  Blumlein  generator,  wire  chamber  and  load.  This 
spherical  geometry  gives  a  minimum  inductance  coupling  between  the 
generator  and  exploding  wire,  consistent  with  uniform  voltage  gradient 
throughout  the  chamber  region  and  adaptation  to  viewing  parts  for  optical 
diagnostics. 

As  an  example,  some  inductance  calculations  have  been 
performed  for  an  outer  chamber  radius  of  12  inches.  The  formulae 
employed,  given  in  the  Appendix  give  a  value  higher  than  the  actual 
inductance  since  the  capacitance  between  the  inner  and  outer  chamber 
domes  (  Figure  21  )  acts  to  cancel  a  portion  of  the  inductance. 


45 


AFWL  TR-65-21 


Isolation  Inductor 


AFWL  TR-65-  21 

Chamber  spacings  of  0.15  and  0.  6  inch  were  selected  for  computation 
with  wire  diameters  ranging  from  2  mils  (0.002  inch)  and  up,  and  inductance 
arising  from  magnetic  buLc-up  within  the  wire  was  ignored,  skin  depth  con¬ 
siderations  would  appear  *-o  justify  this  assumption: 

.  =  _j_  -,/  \P 

2ir  ^  30  p 

where  ^  is  the  resistivity  of  the  conductor  in  ohm-centimeters,  p  is  the 
permeability  of  the  conductor,  X  is  the  free- space  wave  length,  a  6  the  skin 
depth  in  centimeters,  (Ref.  12).  The  inductance  obtained  in  this  manner  was 
reduced  to  allow  for  the  distributed  chamber  capacitance  and  the  results  are 
listed  in  Table  I.  with  the  rate  of  current  rise,  di/dt,  being  computed  as  the 
quotient  of  open  circuit  voltage  (600  kv  assumed  to  be  across  the  wire  in¬ 
ductance  initially)  and  wire  inductance. 


TABLE  I 

Exploding  Wire  Chamber  Parameters 
Chamber  Radius  =  12  inches 

Chamber  Spacing  Wire  Diameter,  Estimated  Inductance,  di/dt,  initial 


inches 

mils 

nanohenries 

amp/ sec 

0.  6 

2 

29.  7 

,  ,„13 

2x10  13 

2.6x  10 

3.8  x  10 

5.2  x  10 

9.1  x  10 

1.23  x  10** 

1 . 92  x 

2.9  x  10 

0.6 

20 

22.  7 

0.6 

200 

15.  7 

0.6 

787 

11.  5 

0. 15 

2 

6.62 

0. 15 

20 

4„  87 

0.15 

200 

3.12 

0.15 

787 

2.08 

The  importance  of  minimizing  chamber  spacing  is  at  once 

evident  from  examination  of  Table  I,  since  the  inductance  increases  even 

faster  than  linearly  with  chamber  spacing.  For  a  given  spacing,  specific 

energy  deposition  in  a  wire  would  be  expected  to  increase  with  decreasing 

wire  diameter  d,  since  the  mass  decreases  and.  the  resistance  increases  as 
2 

1/d  ,  while  the  inductance  increases  only  as  a  log  1 /d. 

Preliminary  data,  given  in  Section  III  of  this  report,  indicate 
that  dielectric  strengths  of  2  to  4  megavolts/inch  may  be  practical  with  solid 
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or  liquid  dielectric  media,  This,  together  with  relative  dielectric  constants 
which  would  further  minimize  inductance,  would  permit  inductance  values 
perhaps  even  lower  than  those  in  Table  1  correspondmf;  to  the  0.  15  inch 
spacing.  Pressurized  gases  appear  capable  of  withstanding  gradients  some¬ 
what  in  excess  of  one  megavolt  per  inch,  with  inductance  values  correspond¬ 
ing  to  the  larger  spacing  in  Table  I.  It  thus  appears  that  such  insulation 
techniques  would  be  suitable  for  obtaining  quite  high  energy  deposition  rates, 
where  compatible  with  required  diagnostics. 

Vacuum  insulation  is,  however,  often  preferred  or  even  neces¬ 
sary  for  certain  types  of  diagnostics  such  as  spectroscopic  examination  of 
the  exploding  wire.  Examination  of  Figure  22  shows  data  variation  of  over 
an  order  of  magnitude  in  spacing  at  a  given  voltage,  with  a  lower  limit  of 
perhaps  one  centimeter  being  obtainable  with  relatively  large  area  elec¬ 
trodes  at  600  kv.  Preliminary  data  obtained  with  the  EWP  system  built 
(Ref.  1)  for  the  AFWL  indicate  initial  breakdown  at  gradients  as  much  as  an 
order  of  magnitude  lower,  occurring  in  this  instance  with  electrode  surfaces 
and  vacuum  conditions  not  yet  optimized. 

There  is  also  the  problem  with  vacuum  insulation  with  respect  to 
the  gas  sheath  which  surrounds  a  wire  soon  after  energy  is  introduced, 
thereby  shunting  the  current  flow  from  the  wire  itself  (Ref.  13).  Both  the 
electrode  surface  and  vacuum  conditions  require  considerably  more  investi¬ 
gation  with  the  pulse-width  and  rise-time  of  exploding  wire  systems  present¬ 
ly  available  anc  proposed  in  this  report. 

One  important  mechanism  leading  to  vacuum  breakdown  is 
thought  to  be  field  emission  of  electrons  from  microprojections  on  the  nega¬ 
tive  electrode,  followed  by  bombardment  of  the  anode  and  release  of  gas,  the 
process  then  being  regenerative  until  the  energy  is  dumped.  The  dependence 
of  breakdown  upon  electrode  area  is  presumab.v  a  re»ult  of  higher  energy 
storage  (capacity  between  electrodes)  being  available  for  dumping  in  the  arc 
in  a  short  time,  of  greater  difficulty  of  avoiding  son  e  sharp  projections  on 
a  large  area  electrode,  and  of  greater  effect  of  gas  xelease  at  the  anode  on 
the  gas  pressure  in  the  gap.  These  mechanisms  and  some  possible 
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techniques  for  improvement  in  breakdown  strength  are  discussed  in  Section  V 

1 

below. 

If  a  short  rise  time  is  to  be  preserved  in  a  flash  X-ray  system, 
it  is  madatory  that  the  inductance  of  the  transducer  chamber  and  vacuum 
tube  be  held  to  a  minimum.  One  effective  way  of  accomplishing  this  is  to 
design  the  transducer  chamber  and  tube  in  a  coaxial  geometry,  the  tube 
serving  as  the  inner  conductor  and  the  transducer  chamber  as  the  return 
outside  conductor.  For  example,  assuming  vacuum  dielectric,  the  ratio  of 
inner  to  outer  diameters  for  a  20-ohm  system  would  be  1.4.  This  approach 
would  apply  rigorously  only  if  a  hollow  electron  beam  is  employed  (so  that 
no  magnetic  field  is  generated  inside  the  electron  beam  by  the  tube  current), 
and  if  the  outer  chamber  is  tapered  down  in  the  vicinity  of  the  target  to  com¬ 
pensate  tne  drop  in  the  voltage  between  the  inner  and  outer  "conductors". 

A  schematic  cross  section  of  a  flash  X-ray  system  with  such  a 
transducer  chamber  and  tube  geometry  is  shown  in  Figure  23,  indicating 
the  method  of  connecting  a  hollow-beam  tube  to  the  Blumlein  high-voltage 
generator.  In  this  design  it  is  important  that  the  spacing  between  the  tube 
and  transducer  chamber  (or  magnetic  focus  coil)  be  adequate  to  avoid  elec¬ 
tric  breakdown  of  the  insulating  medium  surrounding  the  tube;  such  a  break¬ 
down  would  probably  not  only  affect  tube  output,  but  also  damage  the  tube 
envelope.  The  use  of  hollow-beam  tube  geometry  not  only  decreases  the 
effective  load  inductance  but  will  also  be  shown  to  be  desirable  with  respect 
to  target  loading  and  radiation  uniformity. 

11.  X-Ray  Generation 

11.  a  Tube  Design 

The  design  of  a  tube  was  not  a  specified  objective  of 
this  contract.  An  applicable  detailed  discussion  of  X-ray  tubes  ie  given  in 
Reference  14.  The  following  limited  discussion  is  however  presented  to 
clarify  the  relationships  between  the  generator  and  a  tube  which  is  employed 
as  a  load. 

The  maximum  target  temperature  reached  during  an 
X-ray  pulse  is  of  prime  importance  where  multiple -pulse  target  life  is 
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Schematic  Cross  Section  of  a  Flash  X-ray  System  Showing  a  Method  of 
Hollow  Beam  Tube  to  a  Blumlein  Generator. 
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desired.  Consider  for  an  ex  tmple  a  6-Mv,  20-ohm,  30-ns  system;  the 

4 

electron  beam  energy  to  be  dissipated  in  the  target  is  5.4  x  10  joules/pulse. 

Assuming  for  the  moment  a  solid  beam  of  8  inches  diameter,  the  target  area 

2 

is  seen  to  be  about  324  cm  .  For  the  relatively  large  electron  penetration, 

very  high  peak  powers  and  very  short  pulse  length  of  present  interest,  the 

target  heating  is  adiabatic  and  governed  by  the  volume  of  tungsten  or  other 

target  material  in  which  the  elsctron  beam  energy  is  expended  (i.  e.,  thermal 

conduction  and  radiation  remove  during  the  pulse  only  a  negligible  fraction  of 

the  electron  beam  energy).  The  electron  range  is  therefore  an  important  tube 

design  parameter.  Examining  Figure  24  it  is  seen  that  the  maximum  electron 

range  at  6  Mv  is  about  1  mm.  Based  on  the  range  data  of  1'igure  24  and  on 

the  profile  of  beam  energy  loss  versus  depth  in  the  target,  one  can  derive 

(e.g.  ,  the  nomograph  of  Figure  25)  as  a  function  of  voltage,  the  maximum 

2 

beam  energy  density  joules /cm  )  which  can  be  deposited  in  an  arbi¬ 

trarily  short  pulse  in  a  tungsten  target  initially  at  room  temperature  and  not 
allowed  to  exceed  a  given  temperature  (e.  g. ,  T  2300°C)  low  enough  to 

keep  target  evaporation  at  a  minimum.  Thus,  assuming  Vq=  6  Mv  and  a 

solid  electron  beam  8  inches  in  diameter  and  with  uniform  current  density, 

5 

an  energy  per  pulse  of  over  1.  1  x  10  joules  could  be  absorbed  instantaneously 
by  the  target  without  resulting  in  significant  target  erosion.  Since  this  is 
twice  the  energy  per  pulse  of  this  assumed  system,  such  a  tube  would 
probably  be  relatively  free  from  excessive  target  erosion  provided  fairly 
uniform  current  density  can  be  obtained  at  the  target.  The  same  target  load¬ 
ing  can  be  also  obtained  with  hollow-beam  tube  geometry,  for  the  same  voltagp 
conditions,  if  the  inner  and  outer  beam  diameters  at  the  target  are  6  and  10 
inches  respectively. 

Thus,  one  is  led  to  the  important  conclusion  that  at  the 
relatively  large  beam  diameters  which  are  suggested  by  impedance  matching 
and  voltage  bold-off  considerations,  the  specific  energy  loading  can  be  made 
sufficiently  low  that  multiple-pulse  operation  would  not  be  precluded  by 
target  erosion.  Hence,  serious  consideration  should  be  given  to  multiple- 
shot  operation  in  view  of  its  inherent  advantages  in  terms  of  operating  rate 
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Figure  24  Electron  Range  in  X-Ray  Tube 
Target  as  a  Function  of  Beam  Voltage. 
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MAXIMUM  SPECIFIC  ENERGY  DENSITY 
FOR  TUNGSTEN  TARGET  ( ADIABATIC  CASE) 
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Figure  25  Nomagraph  Relating  Beam  Voltage,  Current  Density 
and  Peak  Targec  Temperature  for  a  Tungsten  Target. 
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and  cost  per  shot. 

Remaining  tube  design  factors  include  the  tube  envelope, 
cathode  configuration  and  cathode-to-target  spacing.  Reasonably  good  first 
approximations  may  be  obtained  by  extrapolation  from  present  tube  designs, 
and  subsequently  refined  through  analysis  of  direct  experimental  system 
tests.  Tube  insulating  envelope  problems  requiring  special  study  include 
sealing  and  expansion  matching  (in  view  of  the  large  tube  diameter)  and  the 
desirability  of  contouring  and  potential  grading. 

It  is  proposea  that  a  strong  magnetic  field  be  employed 
for  tube  focusing,  similar  to  the  approach  used  successfully  in  a  2-Mv 
system  recently  delivered  to  the  AEC.  The  magnetic  field  not  only  confines 
the  primary  electrons,  but  also  reduces  tube  deterioration  due  to  back- 
scattered  electrons  and  ions  which  are  produced  at  a  high  rate  during  the 
pulse. 

1 1 .  b  X-Ray  Output  Characteristics  and  Source  Geometry 

A  limited  amount  of  data  has  been  published  with  respect 
to  the  X-ray  performance  characteristics  of  megavolt  machines  such  as 
Van  deGraaff  and  Linear  accelerators.  Figure  26  shows  the  X-ray  dose 
yield  for  tungsten  or  gold  targets  as  a  function  of  voltage  in  the  forward 
direction,  or  that  of  maximum  intensity.  The  X-ray  yield  is  normally  speci¬ 
fied  in  terms  of  roentgens  per  minute  per  milliampere  at  a  distance  of  one 
meter  from  the  target;  however,  for  convenience  in  high  power  pulsed 
applications  such  as  the  present  this  has  been  renormalized  to  give  roentgens 
per  joule  at  a  distance  of  one  meter  from  the  target.  This  figure  may  be 
applied  to  a  point  source  cathode  by  multiplying  by  the  tube  pulse  energy  in 
joules  to  obtain  the  dose  per  pulse  at  one  meter,  then  dividing  by  the  pulse 
width  to  obtain  the  dose  rate  at  this  distance.  The  difference  between  the 
upper  and  lower  sets  of  curves  in  Figure  26  appears  to  be  primarily  a 
result  of  dose  reduction  in  the  latter  case  due  to  use  over  a  range  of  voltages 
of  targets  having  a  fixed  thickness  thus  resulting,  at  lower  voltages,  in 
unnecessarily  high  target  absorption  of  the  emitted  X  rays.  Data  taken  at 
Field  Emission  Corporation  under  Sandia  Corporation  (Ref.  15)  support  in 
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Figure  26  Specific  X-Ray  Yield  for  a  Tungsten 
Target  as  a  Function  of  Voltage. 
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general  fall  between  the  two  sets  cf  curves,  approaching  the  upper  limit  with 
optimum- tliickness  targets  and  gas-free  tube  operation. 

The  X-ray  spatial  distribution  at  very  high  voltages  is 
shown  by  the  upper  and  lower  curves  of  Figure  27  corresponding  to  thick 
and  thin  X-ray  targets  respectively.  It  is  seen  that  in  general  the  22  million 
volt  data,  taken  with  a  platinum  target,  follow  this  distribution.  Data  in  the 
vicinity  of  2  million  volts,  obtained  with  Van  deGraaff  accelerators,  have 
been  plotted  employing  the  same  normalized  product  of  voltage  and  angle 
which  is  believed  to  be  universal  at  higher  voltages.  The  spatial  distribution 
is  affected  by  the  nature  and  thickness  of  the  target  and  by  the  amount  of 
subsequent  filtration  of  the  emitted  X  rays.  The  dotted  line  drawn  in 
Figure  27  has  been  employed  for  the  following  calculations,  assuming  that 
it  is  also  valid  at  6  million  volts  and  with  the  type  of  magnetic  focusing 
employed. 

An  estimate  of  the  X-ray  dose  rate  distribution  for 

the  6  million  volt  20-ohm  system  discussed  above  has  been  calculated,  using 

-2 

a  (pessimistic)  specific  dose  yield  value  of  2.4  x  10  roentgen  per  joule  at 
one  meter,  from  Figure  26,  and  the  dashed  line  for  X-ray  spatial  distribution 
in  Figure  27,  as  well  as  the  familiar  inverse  square  distance  law  of  geo¬ 
metrical  attenuation  of  the  X-Tay  beam  intensity.  Two  cases  were  assumed: 
a)  an  ideal  point  source  target,  and  b)  an  ideal  cylindrical  line  source  target 
having  a  diameter  of  8  inches.  Calculations  were  performed  tc  give  the 
distribution  in  "subject  planes"  normal  to  the  tube  axis  and  at  specified 
distances  from  the  target,  with  the  results  being  shown  for  the  two  cases 
in  Figure  28. 

It  is  seen  that  for  a  given  distance  between  target  and 

object  plane  the  highest  peak  dose  rates  are  obtained  with  a  point  source, 

12 

being  about  10  roentgens  per  second  in  the  forward  direction  and  8  inches 
away  from  the  target,  but  the  radiation  is  sharply  peaked  and  is  uniform  to 
within  20  percent  over  a  diameter  of  only  1.6  inches.  A  comparison  of  the 
two  X-ray  source  geometries  (point  and  ring)  under  equal  dose  rate  condi¬ 
tions  is  obtained  by  observing  the  point  source  cathode  at  16-inch  spacing 
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Figure  27  X-Ray  Spatial  Intensity  Distribution  in  the  Megavolt  Region. 
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compared  with  the  ring  source  cathode  at  8 -inch  spacing;  the  point  source 
cathode  is  uniform  to  within  20  percent  for  a  diameter  of  about  3.2  inches 
while  the  ring  source  target  gives  the  same  dose  rate  and  uniformity  over  a 
diameter  of  about  1C  inches.  The  dose  rate  in  both  cases  is  about 2. 5  x  10** 
roentgens  per  second  and  the  dose  per  pulse,  7500  roentgens.  The  physical 
reason  for  the  apparent  increase  in  coverage  is  the  utilization  of  most  of  the 
X-ray  yield  from  the  ’'tail”  from  one  side  of  the  ring  targe';,  while  this  is  not 
possible  with  a  point  source  target.  At  distances  of  the  order  of  ten  times 
the  ring  radius  (i.  e.,  40  inches)  it  is  seen  that  the  improvement  in  uni¬ 
formity  is  still  substantial  although  not  as  striking  as  at  the  higher  dose  rate 
levels. 

The  ring  source  curves  in  Figure  28  can  be  UBed  to 
estimate  the  dose  rate  where  larger  areas  are  to  be  illuminated  with  a 
source  having  a  larger  ring  diameter.  For  example,  doubling  the  diameter 
of  coverage  would  give  four  times  the  area  and  consequently  one-fourth  the 
dose  rate,  but  with  the  same  distribution  profile.  It  would  appear  practical 
to  construct  several  tubes  with  different  beam  diameters,  but  capable  of 
being  installed  in  the  same  pulser,  thus  giving  a  fair  degree  of  versatility 
for  different  studies. 

The  main  conclusion  which  can  be  drawn  from  the  com¬ 
parison  of  "point"  and  "ring"  X-  ray  source  presented  in  Figure  28  is  that, 
at  high  voltage  where  the  X-ray  beam  produced  by  each  target  point  is 
sharply  collimated  in  the  forward  direction,  the  ring  source  is  far  superior 
to  the  point  source  (in  terms  of  rate  per  watt  of  electrical  power)  when  a 
high  and  uniform  dose  rate  is  required  over  a  specified  area.  Assuming  for 
instance  a  requirement  that  the  dose  be  uniform  within  -  10  percent  over  a 
circular  area  9  inches  in  diameter,  Figure  25  shows  that  the  distance  d 
between  X-ray  source  and  object  plane  can  be  reduced  to  8  inches,  resulting 
in  a  dose  rate  of  2.  5  x  10**  roentgens  per  second  for  the  case  of  an  8-inch 
diameter  ring  source’,  the  same  requirement  for  a  point  source  forces  a 
distance  d  greater  than  40  inches  and  reduces  the  dose  rate  approximately  an 
order  of  magnitude  (for  a  given  electron  energy).  Departures  in  practice 
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from  the  idealized  model  of  Figure  28  (e.g. ,  the  need  for  enough  X-ray 
source  to  handle  beam  power  dissipation  or  the  existence  of  a  spread  in  the 
directions  of  the  electrons  striking  the  target)  would  reduce  somewhat  the 
difference  between  "  solid"  and  "ring-shaped"  X-ray  sources  but  would  not 
alter  the  general  conclusion  that  hallow  electron  beams  and  ring-shaped 
X-ray  sources  have  very  significant  overall  advantages  for  the  applications 
of  present  interest. 

1 1 .  c  Optimum  Load  Impedance 

Assuming  a  pulse  generator  of  given  characteristics 
(open  circuit  voltage  Vq  ,  characteristic  impedance  Z^  and  pulse  length  2 T ), 
one  can  to  some  extent  control  the  actual  output  into  a  load  by  varying  the 
load  impedance  R  .  In  view  of  the  steep  increase  of  X-ray  yield  with  voltage, 
it  would  at  first  glance  seem  advantageous  to  increase  the  load  impedance 
above  Zq.  The  purpose  of  this  subsection  is  to  give  the  necessary  back¬ 
ground  relations  and  to  evaluate  the  desirability  of  mismatching  the  load. 
General  Ex~  ressions: 

Let  V  ,  I  and  P  be  the  output  voltage,  current  and 
m  m  m 

power  for  a  matched  load,  i.e.  ,  a  =  RT  /Z  =1.  In  the  case  of  a  mismatch, 

L  o 

the  output  consists  of  a  series  of  steps  of  duration  27^,  and  the  subscript 
j  is  used  to  denote  output  during  the  step  corresponding  to(  j-l)27<.t.<j  2T. 
Attention  is  focused  here  on  the  case  of  high  impedance  mismatch  (a>l) 
which  is  the  only  one  of  interest  from  the  standpoint  of  maximized  radiation 

output.  It  is  further  assumed  that  the  X-ray  dose  rate  x  is  proportional  to 

th  ,  n 

tube  current  and  to  the  n  power  of  the  tube  voltage,  i.e.  ,  xoClv  (the 

specific  value  of  n  depending  on  the  type  of  radiation  produced,  the  direction 

relative  to  the  electron  beam  and  the  electron  energy;  e.  g. ,  n=3  for  X  rays 

in  the  forward  direction).  The  following  expressions  are  readily  derived  for 

the  ideal  case  of  a  loss-less  generator  and  tube -independent  load  impedance 

(Prf  is  the  power  reflected  to  the  pulser  during  the  first  step): 
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(21) 


(22) 


Some  of  these  expressions  are  shown  graphically  in  Figure  29.  For  a  given 

n,  x,  goes  through  a  maximum  x,  when  a  =  n.  The  value  of  this  maxi- 
1  1  max 

mum,  relative  to  the  dose  rate  for  a  matched  load,  is  given  by: 


J  _n+l  n 

max  =2  n 


n+1 


(23) 


m  (n+1) 

Application  to  forward  X  ray  with  n  -  3: 

In  the  case  of  X  rays  taken  in  the  forward  direction  (i,  e., 
in  the  direction  of  incidence  of  the  electrons  in  a  parallel,  high  voltage  beam), 
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Figure  29  Dependence  on  Mismatch  Factor  :,a"  of  the  Relative  Output 
Voltage,  Current,  Power  and  Dose  Rate. 
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the  dose  rate  x  is  approximately  proportional  to  the  cabe  of  the  voltage, 
according  to  the  following  expression: 


(24) 


where  x  is  in  r/sec,  I  in  amperes,  V  in  million  volts,  and  d  is  the  distance 
in  meters  between  the  X-ray  source  and  the  point  where  x  is  measured  (with 
optimum  target  thickness  and  high  vacuum,  values  as  high  as  1000  have  been 

obtained  for  the  numerical  coefficient;  hence,  the  expression  just  given  for 

» 

x,  while  functionally  correct,  is  rather  conservative  in  terms  of  the  maxi¬ 
mum  X-ray  dose  rate  which  can  be  achieved  at  given  I,  V,  and  d  values). 

The  relative  dose  rates  x, /x  and  x_/x,  are  plotted  in 

1  m  2  1 

Figure  29  for  the  case  of  n  =  3.  Thus,  from  the  standpoint  of  maximizing 
the  X-ray  dose  rate  in  the  forward  direction,  one  should  use  a  load  im¬ 
pedance  three  times  the  matched  load,  thereby  achieving  a  70  percent  in¬ 
crease  in  x  over  the  matched  case.  Under  these  conditions  the  electrical 
characteristics  for  the  first  step  are:  V,  =  1.5V  1.  =0.51  and 

Pj  =  0.  75  P^;  hence,  the  voltage  is  increased  by  50  percent  over  the 
matched  load  voltage  and  75  percent  of  the  generator  energy  is  transferred 
to  the  load  during  the  first  step.  The  x(t)  profile  then  consists  (ideally)  of  a 
series  of  steps  of  duration 2^,  the  intensity  during  each  step  being  only  6 
percent  of  that  in  the  previous  step  (and  even  less  if  there  is  significant  fil¬ 
tration  of  the  output).  It  is  open  to  question  whether  a  70  percent  increase  in 
dose  rate  is  sufficient  compensation  for  tho  difficulties  resulting  from  having 
to  increase  the  tube  voltage  by  50  percent  since,  assuming  a  matched  load 
and  fixed  generator  impedance,  the  same  70  percent  increase  in  dose  rate 
could  be  achieved  by  means  of  a  voltage  increase  of  only  14  percent  and 
without  undesirable  power  reflection  and  stair-stepping  of  the  output. 
Effective  Voltage  Dependence  of  the  X-Ray  Dose  Rate: 

A  strong  additional  argument  against  high  im¬ 
pedance  mismatch  results  from  examination  of  the  effective  voltage  depend¬ 
ence  of  the  X-ray  dose  rate,  v  hen  the  radiation  output  requirements  are 
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stated  in  terms  of  maximizing  dose  rate  over  a  specified  area  (of  diameter  D) 
and  within  a  specified  maximum  relative  variation  of  dose  ^  over  that  area 
where  X!  is  equal  to 


£  =2 


m 


(25) 


max 


+  x 


m 


As  the  tube  voltage  is  increased,  the  forward  dose  rate  does  increase  pro- 
3 

portionally  to  V  but  the  beam  becomes  more  and  more  sharply  collimated 

in  the  forward  direction  so  that  the  maximum  angular  size  20  =  D/d  of 

max 

the  irradiated  area,  viewed  from  the  X-ray  source,  must  be  reduced  to 

maintain  dose  uniformity.  Hence,  for  given  D  and  ,  the  target  to  object 

distance  d  must  be  increased  as  V  is  increased,  resulting  in  an  increase 

3 

of  x  with  V  which  is  much  slower  than  V  .  The  actual  dependence  of  x  on  V, 

at  fixed  D  and  £,  is  very  complex  in  the  practical  case  of  a  distributed 

X-^ray  source  and  of  a  nonparallel  electron  beam  with  nonuniform  current 

density.  However,  the  effect  of  beam  collimation  can  be  illustrated  by 

considering  the  simple  idealized  case  of  a  point  source  of  X  rays  and  a 

parallel  beam.  At  voltages  above  2  Mv,  theory  and  experiment  indicate  that 

the  normalized  spatial  distribution  1(0) i8  a  function  of  V6  only.  Thus  for 

a  given  permissible  dose  variation  £  ,  the  product  V0  must  be  held  constant 

(at  least  at  the  voltages  of  present  interest  where  beam  collimation  strongly 

2 

predominates  over  the  distance  factor,  equal  to  cos  0  for  a  plane  target, 

in  creating  dose  variation  across  the  area  of  interest).  It  follows  readily 

that  0  is  inversely  proportional  to  V  and,  at  given  D  and  £  ,  the  dose 
max  3  2 

rate  x  which  is  proportional  to  V  /d  increases  only  linearly  with  voltage. 
The  approximate  formula  given  below  is  convenient  for  the  purpose  of  esti¬ 
mating  the  power  required  to  generate  a  given  dose  rate  x  over  given  area  of 
diameter  D  and  with  a  given  maximum  relative  variation  Zj  of  the  dose  rate 

over  the  area.  The  formula  is  obtained  by  noting  that,  for  1(0)  ^  0.7  I  , 

o 

the  data  1(0)  of  Figure  27  are  reasonably  well  represented  by 

1(9)  =  I  (1  -  0.4  V2  02)  (26) 

where  V  is  in  Mv  and  0  in  radians.  Assuming  x(0)Mq  =*1(0)/^,  which  is  true 
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above  4  Mv  for  a  plane  area,  and  making  appropriate  substitutions,  finally 
yields: 

ir6.5io-  d _e£_  (27) 


where  x  is  the  dose  rate  in  r/ sec,  P  =  IV  is  the  beam  power  in  watts,  D  is 
the  irradiated  area  diameter  in  meters,  is  the  permissible  relative  dose 
variation  across  the  irradiated  area,  and  d  is  a  numerical  factor  equal 
to  6  for  the  case  considered  (parallel  electron  beam,  point  X-ray  source). 
In  a  more  complex  practical  case,  the  relation  just  given  would  in  first 
approximation  still  hold  but  with  a  different  numerical  value  of  d.  It  is  also 
found  that  both  the  use  of  a  distributed  X-ray  source  (particularly  the  ring 
source  discussed  earlier)  and  a  nonparallel  electron  beam  (within  limits) 
increase  the  value  of  d  and  are  therefore  desirable. 

An  important  aspect  of  the  foregoing  formula  is  that  it 
shows  the  dose  rate(  at  given  D  and  )  to  oe  directly  proportional  to  the 
electron  beam  power  P.  Hence,  use  of  a  mismatched  load,  which  can  only 
decrease  the  power  delivered  to  the  load  during  the  first  step  of  duration 
is  definitely  undesirable. 

* 

12.  Neutron  Generation 

In  the  range  of  voltages  of  primary  interest  (i.  e.,  below  10  Mv 
where  the  uranium  y,  n  reaction  becomes  more  prolific),  it  appears  that 
neutrons  can  be  generated  most  efficiently  by  the  photo  disintegration  reac¬ 
tion  in  beryllium,  ie.  e. : 

hV  +4Be9—  4Be8  +  on’  -Q  (28) 


♦An  applicable  and  somewhat  more  detailed  discussion  of  pulse  neutron 
generation  is  also  given  in  AFWL  TR  65-63  (Ref.  14). 
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While  we  h'  /e  not  yet  made  direct  studies  of  neutron  generation  by  this 
technique,  the  reaction  is  well  known  and  the  following  data  summarize 
published  results,  derived  primarily  from  the  Handbuch  der  Physik  XXXIH-2, 
pp  141-145,  and  from  ihe  survey  article  "Using  Accelerator  Neutrons"  , 
Nucleonics  Vol  18,  pp  64-68,  Decemi^r  I960,  by  Burnll  (HVE  Co.)  and 
McGregor  {Ref.  1  6). 

1)  The  threshold  of  the  reaction  (Q  value)  has  been  accurately 
measured  ar d  is: 

Q  =  1.664  -  0.003  Mev  (29) 

2)  The  angular  distribution  of  the  emitted  photoneutrons  is  not 
t-jO  far  from  isotropic.,  and  is  approximately  given  by: 

/ 

=  1  +  0.  6  sin^  0  (30^ 

Q  o  / 


3)  The  photoneutrons  emitted  are  fast  neutrons  exhibiting  a 
broad  continuous  energy  spectrum,  peaked  ir.  the  1  to  2  Mev  region.  The 
spectrum  is  not  a  sensitive  function  of  electron  energy,  except  for  a  slight 
increase  in  the  high  energy  tail  <  f  the  spectrum  (>■  4  Mev)  in  the  case  of  very 
high  electron  energies. 

4)  Whereas  the  yield  of  the  reaction  is  a  complex  function  of  the 
y  ray  energy,  with  several  additional  reactions  coming  into  play  at  high 
energies  (hl/^17  Mev),  the  total  neutron  output  for  the  continuous  y  ray 
spectrum  produced  by  Bremsstrahlung  smooths  these  effects  and  shows  a 
regular  and  very  rapid  increase  of  neutron  yield  with  generator  output  vol¬ 
tage.  Figure  30  shows  typical  overall  neutron  yields,  expressed  in 
neutrons/sec  per  ampere  of  electron  beam  current,  according  to  Burrill 
and  McGregor  {Ref.  16). 

5)  In  view  of  Figure  30,  the  voltage  dependence  of  the  neutron 

3 

yield  in  the  4-10  Mv  range  is  fairly  closely  approximated  by  a  V  law. 
Hence,  as  in  the  case  of  the  forward  X-ray  dose  rate,  neutron  output  is 
maximized  if  the  load  impedance  is  three  times  the  pr.lser  characteristic 
impedance.  While  the  collimation  argument  does  r.ot  apply  since  neutron 


Totai  Neutron  Yield  in  Neutron /amp  sec. 

Dependence  on  Total  Neutron  Yield  on  Electron  Energy.  Curve  Based  on  Linac  Data. 
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spatial  distribution  is  apparently  fairly  isotropic  and  insensitive  tc  voltage, 
the  other  arguments  against  mismatching  remain  applicable. 

At  6  Mv  the  peak  neutron  flux  near  the  target  is  related  to  the 
electron  beam  current  density  by 

N  ,2  =  2.4  x  1014  J  .  2 

neutrons/cm  sec  amp/ cm  (51) 


Hence,  with  an  electron  beam  current  of  300,000  amperes  and  a  beam  cross 

2 

section  of  the  order  of  350  cm  ,  peak  fast  neutron  fluxes  well  in  excess 
17  2 

of  10  neutrons /cm  sec  appear  feasible.  Even  one  meter  away  from  the 

15 

target,  the  average  neutron  flax  during  the  pulse  is  approximately  2  x  10 

neutrons/ cm^  sec,  and  the  total  neutron  output  within  a  20  nsec  pulse 

,  1n12 
exceeds  10 


omnium,  wmiimuMi 


AFWL  TR-65-  21 


SECTION  ID 

EXPERIMENTAL  STUDIES 


1 .  Pulse -Charged  Blumlein  Generator 

The  general  design  and  operating  features  oi  a  Blumlein  pulse 
generator  were  discussed  previously,  especially  in  Section  II-4.  Figure  23 
shows  schematically  one  possible  configura^on  for  an  X-ray  generator 
employing  such  a  pulser. 

As  presently  envisaged,  the  primary  pulser  would  employ  a 
Marx-surge  pulser  with  an  open  circuit  output  voltage  approximately  equal 
to  the  system  output  voltage.  This  primary  pulser  would  be  coupled  to  a 
two- stage  coaxial  Blumlein  storage  unit  through  a  suitable  isolation  charging 
inductor.  A  shorting  switch  across  one  of  the  Blumlein  sections  would  be 
discharged  immediately  after  the  energy  transfer  from  the  charging  pulser 
had  reached  its  maximum  value.  Then  the  Blumlein  circuit  would  deliver  a 
short-duration  high-voltage  pulse  to  the  load,  such  as  a  flash  X-ray  tube. 
Considerable  attention  has  been  devoted  to  the  design  parameters  involved 
in  the  construction  of  such  a  pulser.  This  was  followed  by  certain  experi¬ 
mental  studies  as  reported  below. 

Initial  calculations  performed  to  determine  the  energy  and 
voltage  transfer  efficiencies  with  pulse  charging  and  inductor  coupling  were 
indicated  in  Figure  13  above.  Low-voltage  model  experiments  were  then 
conducted  to  compare  with  the  theory  of  Section  II-8,  giving  the  experi¬ 
mental  results  shown  in  Figure  31.  (The  test  circuit  and  comj/oncnt  values 
are  shown  in  the  schematic  Figure  31).  The  agreement  with  the  theoretical 
curves  of  Figure  18  is  quite  good  when  the  ratio  of  output  to  input  capacity  is 
not  greatly  different  from  unity;  discrepancies  are  noted  at  extreme  values, 
but  are  probably  caused  by  instrumentation  loading. 


,  ... 


AFW 1  TR-63-^1 


Figure  31  Experimentally  Obtained  Energy  and  Voltage  Transfer  Between  a  Charged  Capacitor 
Inductively  Charging  a  Second  Capacitor.  The  Circuit  Used  Experimentally  Including  Component 
Values  is  also  Shown. 
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Study  of  anequivalent  circuit  for  the  proposed  Marx-Surge  prima¬ 
ry  puls  er  indicates  that  the  very  high  feasible  efficiency  (fo  C^/C^  close  to  1) 
should  not  be  affected  by  distributed  inductance  in  the  primary  pulser  arising 
from  self- inductance  of  the  capacitors,  gap  inductance,  etc.  To  verify  this 
assumption,  a  low-voltage  model  was  constructed,  according  to  the  circuit 
of  Figure  32A,  and  tested  with  the  result  that  full  efficiency  of  transfer  to 
capacitor  was  indeed  obtained  despite  sizeable  distributed  inductance. 

These  premising  results  suggested  devising  a  model  study 
system  using  an  available  2-Mv.  Marx-surge  pulser  as  the  primary  charging 
pulser,  together  with  an  isolation  inductor  and  Blumiein  storage  unit. 

(Fig.  32B), 

The  2-Mv  pulser  had  a  relatively  low  effective  output  capaci¬ 
tance  of  about  80  picofarads.  Hence,  it  was  important  to  minimize  the 
total  capacity  of  the  Blumiein  to  be  charged;  this  total  capacity  being  :he 
sum  of  the  capacities  of  the  two  Blumiein  sections  (which  are  charged  In 
parallel  although  discharged  in  series). 

A  value  of  50  ohms  was  selected  as  the  highest  practical  output 
impedance,  with  two  25-ohm  concentric  coaxial  line  sections  constructed  in 
a  concentric  configuration  as  shown  in  Figure  33.  The  physical  length  of 
the  Blumiein  was  selected  to  give  an  output  pulse  length  of  5  nanoseconds, 
this  value  representing  the  minimum  pulse  length  for  which  (because  of  end 
effects)  the  output  voltage  wave  form  could  be  expected  to  approach  a 
rectangular  shape.  With  this  design,  the  Blumiein  sections  are  1.63  in 
length,  with  a  total  charging  capacity  of  about  192  picofarads  and  a  stored 
energy  of  about  96  joules  at  1-Mv  charging  voltage. 

Consideration  of  various  dielectric  materials  (Section  ill- 3) 
resulted  in  selection  of  transformer  oil  because  of  its  relatively  high  break¬ 
down  strength,  good  healing  ability,  ease  of  handling,  and  low  cost.  Poly¬ 
ethylene  was  employed  for  the  mechanical  spacers  because  of  its  superior 
electric  strength  and  the  similarity  of  its  dielectric  constant  to  that  of  the 
transformer  oil. 
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Figure  32  Circuit  Used  to  Evaluate  Experimentally  the  Effect 
of  Distributed  Parameters  in  the  Primary  Storage  Unit. 
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Figure  33  Sectioned  View  of  50  ohm  1  Mv  Blumlein  Including  Water  Load  and  Current  Viewing  Resistor. 
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A  50-ohm  aqueous -solution  load  resistor  (“water  load  resistor”), 
in  series  with  current  viewing  resistor,  formed  the  output  load  for  the 
Blumlein.  Switching  was  accomplished  by  over-volting  a  ball  gap  located 
across  the  outer  coaxial  line  at  the  charging  input  end  of  the  Blumlein. 

Figure  34  is  a  photograph  of  the  assembled  Blumlein,  and  Figure  35  shows 
the  disassembled  unit. 

The  2-Mv  Marx-surge  pulser  used  as  the  Blumlein  primary 
pulser  employed  120  stages  with  each  stage  utilizing  an  artificial  line  made 
up  of  5  ceramic  capacitors  having  an  individual  capacity  of  about  2000  pico¬ 
farads.  The  estimated  pulser  output  capacity  for  this  series -parallel  con¬ 
figuration  is  2000  x  5  0-  .  , 

- TJr\ —  =  picofarads. 

IbU 

Adjustment  of  the  charging  voltage  over  the  range  from  10  to  30 
kv  would  give  an  open  circuit  voltage  varying  from  1.2  to  3.  6  Mv,  reduced 
somewhat  by  stray  capacity  storages.  From  the  known  capacity  ratio  of  2.  3, 
a  voltage  transfer  ratio  of  about  0.6  and  an  c  ergy  transfer  of  about  38  per¬ 
cent  were  estimated  from  Figure  31.  Any  resistive  loading  of  the  pulser 
would  of  course  reduce  these  values. 

The  use  of  artificial  lines  for  energy  storage  in  the  Marx-surge 
primary  pulser  results  in  a  voltage  output  having  an  approximately  rectangu¬ 
lar  pulse  shape  of  about  0.15  microsecond  duration. 

The  value  for  the  Blumlein  charging  inductor  is  ordinarly  chosen 
to  give  a  charging  time  sufficiently  longer  than  the  Blumlein  output  pulse 
time  to  avoid  energy  loss  to  the  charging  circuit  after  secondary  switching. 

A  discharge  period  of  the  order  of  50  nsec,  computed  as  the  resonant  period 
for  the  charging  inductance  and  discharge  capacitance  (output  capacitance 
of  the  primary  pulser  in  series  with  the  capacitance  of  one  of  the  Blumlein 

lines - the  Blumlein  gap  shorts  the  other  line),  would  thus  o>  dinarily  be 

employed.  The  primary  pulser  employed  for  this  system,  however,  em¬ 
ployed  artificial  line  storage,  with  a  pulse  length  of  120  nsec.  A  charging 
inductance  of  500  microhenries  was  therefore  selected  to  give  a  discharge 
period  of  about  1  microsecond  long  compared  with  the  artificial  line 
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Figure  34  Assembled  Blumlein  Showing  the  Input  Gap 
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Figure  35  Blumlein  Disassembled  Showing  all  Components. 


|‘-*0 *V*eX«  ‘  -‘sint 


A.FWL  TR-65-21 

discharge  period. 

An  inductance  value  of  500  microhenries  was  employed,  using 
the  following  approximate  design  formula  for  a  single  layer  solenoid: 

2  2 

L  =  N  r _ 

9r  +  lOjfc  "  (32) 

where  N  is  the  number  of  turns,  ji  the  coil  length  and  r  the  coil  radius  in 
inches.  For  the  selected  coil  diameter  of  12  inches  and  length  of  24 
inches,  64  turns  are  required. 

Assuming  the  maximum  applied  voltage  across  the  inductor  to 
be  twice  the  output  of  the  primary  pulser,  the  voltage  between  turns  will 
be  31.2  kv  (at  1-Mv  charging  voltage  and  assuming  a  linear  gradient  where 
N  =  64). 

Observing  these  design  considerations,  one-quarter  inch  dia¬ 
meter  copper  tubing  was  wound  on  a  grooved  Incite  form  with  2.  65  turns 
per  inch.  The  completed  unit  is  shown  in  Figure  36. 

Initial  tests  with  the  completed  system  resulted  in  certain 
modifications: 

a)  the  current  viewing  resistor  and  water  load  mount 
were  modified  to  reduce  shunt  capacity,  with  a  sub¬ 
stantial  improvement  in  output  rise  time; 

b)  the  polyethylene  line  spacers  were  redesigned  with 
a  longer  voltage  creep  path  to  prevent  voltage 
breakdown; 

c)  stricter  grounding  techniques,  using  low- inductance 
copper  sheet  between  the  primary  pulser  and  the 
Blumlein,  were  employed  to  reduce  "ringing"  of 
the  displayed  oscilloscope  traces;  and 

d)  a  0, 01 27 -ohm  current  viewing  resistor  which 
appeared  to  give  poor  signal -to -noise  ratio  was 
replaced  with  a  0.05-ohm  current  viewing  resistor. 
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Figur  Zu  Blumlein  Charging  Inductor.  The  Inductor 
24  Incu^o  Long,  12  Inches  in  Diameter  and  has  64  Turns 
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These  changes  resulted  in  an  output  pulse  which  showed  good 
agreement  with  calculations  based  on  system  design  and  measured  pulse 
charging  voltages.  Figure  37  shows  the  Blumlein  output  pulse  at  voltage 
levels  of  300  kv  and  750  kv  respectively.  This  output  voltage  was  about  15 
percent  less  than  would  be  expected  on  the  basis  of  measured  volt3ge  from 
the  primary  pulser  and  the  capacity  ratio,  this  discrepancy  being  attributed 
to  early  firing  of  the  Blumlein  switch  ball  gap  (which  was  oi’  immersed  and 
switched  by  over-volting) .  Data  taken  with  breakdown  of  a  solid  (poly¬ 
ethylene)  dielectric  gap  showed  no  significant  change  in  output  pulse  shape. 

Figure  38  shows  the  Blumlein  output  pulse  wave  forms  when  a 
dc  source  was  employed  to  charge  the  line:  a)  with  a  2.5-mil  polyethylene 
switch  gap  and  b)  with  a  5-mil  polyethylene  switch  gap.  The  measured  out¬ 
put  pulse  voltage  shown  in  Figure  38  is  in  excellent  agreement  with  the 
measured  charging  voltage  of  22  kv.  The  improvement  in  pulse  shape  with 
respect  to  the  high-voltage  data  of  Figure  37  is  attributed  to  two  effects: 
a)  a  lower  spark  gap  impedance  because  of  smaller  gap  spacing  and  b)  absence 
ox  electrical  noise  from  the  pulse  charging  circuitry. 

Measurements  were  also  made  to  study  the  effect  of  varying  the 
charging  inductor.  For  these  tests  a  portion  of  the  inductor  was  shorted 
out  with  a  low -inductance  copper  strap,  showing  no  resulting  deterioration 
in  pulse  ^hape  or  amplitude. 

The  encouraging  results  of  these  model  studies  led  to  the  design 
of  a  higher  power  system  for  use  in  tube  design  studies  on  another  AFWL 
contract  (Kef.  14).  This  later  pulse  design  was  used  successfully  in  the 
test  of  several  hollow  beam,  magnetically  focused  flash  X-ray  tubes. 

The  obvious  advantages  of  this  technical  approach  include  high 
efficiency,  simplicity  and  anticipated  freedom  from  maintenance  problems 
because  of  the  self-healing  switches  used  throughout  the  system. 

2.  Exponential  Line  Impedance  Transformation 

The  possible  advantages  of  using  a  tapered  transmission  line  to 
achieve  voltage  step-up  in  the  connection  between  a  coaxial  generator  and 
load  were  r  ted  in  Section  II-9,  Figure  19  showing  a  sketch  of  such  a  device. 
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Figure  37  Blumlein  Measured  Output  Pulse  Using  Primary  Pulse  Charging: 
Top  200  kv/ cm;  Bottom  500  kv/cm.  Sweep  Speed  is  10  nsec/cm. 
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Figure  38  Blumlein  Measured  Output  Pulse  Using  DC  Charging.  Output 
Amplitudes  are  22  kv  and  Oscilloscope  Sweep  Speed  is  10  nsec/cm.  Top: 
2-1/2  mils  Polyethylene  in  Gap.  Bottom:  5  mils  Polyethylene  in  Gap. 
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An  exponential  line  pulse  transformer  with  a  5:20-ohm  imped¬ 
ance  step-up  ratio  was  designed  and  fabricated  to  evaluate  possible  pulse 
wave  shape  transformation.  This  transformer  employed  water  dielectric 
and  had  a  physical  length  of  22  inches,  corresponding  to  an  electrical  delay 
length  of  about  16.5  nanoseconds. 

Rise  time,  voltage  step-up  and  attenuation  were  measured  with 
the  following  test  arrangement,  a  Tektronix  Model  110  pulse  generator  was 
coupled  to  the  5-ohm  input,  using  a  50:5- ohm  minimum  loss  impedance 
adaptor  with  low  reflection  G.  R.  type  fittings.  The  20-ohm  transformer 
output  was  then  connected  to  a  Tektronix  Model  519  oscilloscope  with 
a  20:50-ohm  low  reflection  adaptor  and  a  Tektronix  T50/N125  adaptor  to 
match  the  125-ohm  oscilloscope  input  impedance. 

With  an  input  pulse  rise  time  of  less  than  0.  25  nanosecond  and 
a  pulse  width  of  10  nanoseconds,  the  output  pulse  rise  time  was  3.0  nano¬ 
seconds  and  no  droop  was  observed.  With  a  20-nanosecond  pulse,  the  rise 
time  at  the  output  was  still  about  3  nanoseconds  and  a  droop  of  about  10 
percent  was  observed.  At  40  nanoseconds,  the  rise  time  was  still  the  same 
with  the  droop  increased  to  about  20  percent.  Subsequent  measurement  of 
the  input  pad  indicated  that  this  degraded  the  rise  time  to  0.  6  nanosecond 
while  the  output  pad  produced  an  increase  of  2.0  nanoseconds;  therefore, 
rise  time  degradation  due  to  the  line  was  probably  less  than  1.0  nanosecond. 

The  measured  voltage  step-up  ratio  was  only  1.3:1,  instead  of 
the  value  of  2:1  expected  on  the  basis  of  the  impedance  transformation  ratio 
of  4:1.  The  discrepancy,  which  is  much  greater  than  could  be  accounted  for 
by  dielectric  losses  in  water  at  the  pertinent  frequencies,  is  tentatively 
attributed  to  poor  impedance  matching  and  reflections  at  the  two  ends  of  the 
tapered  line. 

3.  Dielectric  Strength  Studies 

A  knowledge  of  dielectric  strength  for  solids,  liquids  and  gases 
is  in  portant  in  the  design  of  high-voltage  pulse  generators.  The  following 
tests  were  therefore  performed  with  both  dc  and  pulsed  high  voltages,  some 
of  the  data  reported  here  being  obtained  under  the  AFWL  tube  design  program 
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(Ref.  14). 

3.  a  Pulsed  Voltage  Tests 

Tables  II,  III,  and  IV  contain  a  tabulation  of 
breakdown  data  on  a  variety  of  liquids  and  solids  tested  to  date.  In  general, 
the  entries  represent  single  tests  conducted  to  give  engineering  data  on  the 
dielectric  properties  of  these  materials  under  conditions  similar  to  those 
which  would  be  encountered  in  use.  Therefore,  the  data  do  not  reflect  the 
intrinsic  dielectric  strength  of  these  materials. 

The  pul3ed  voltage  tests  were  performed  with 
Marx-surge  generators  at  pulse  lengths  ranging  from  50  ns  to  150  ns  and  at 
yoltages  from  150  kv  to  2  Mv.  One-inch  diameter,  stainless  steel  balls  were 
used  as  electrodes  in  all  cases. 

The  maximum  field  strength  was  found  by  apply¬ 
ing  the  following  approximate  expression  .for  the  maximum  field  between 
spherical  electrodes  (Ref.  17),  which  holds  at  spacings  not  too  small  com¬ 
pared  to  the  radius  of  the  spheres: 

E  ~  0.9U  r  +  d/2  (33) 

max  — - -  - 

d  r 

where  U  is  the  gap  voltage  at  breakdown,  d  is  the  electrode  spacing  and  r  is 
the  radius  of  the  electrodes. 

3.  b  Dc  Voltage  Tests 

Table  IV  is  a  tabulation  of  surface  breakdown  data 
on  a  variety  of  materials  in  severed  media;  some  of  these  data  were  obtained 
from  pressurized  gap  tests  described  below. 

These  tests  were  performed  with  a  0-250  kv  dc 
power  supply,  and  the  electrodes  were  1-inch  stainless  steel  or  brass  balls 
except  as  noted.  The  breakdown  voltage  was  taken  as  the  voltage  at  which 
arcing  was  continuous.  In  several  cases  intermittent  arcing  occurred  at 
low  voltages,  probably  a  result  of  surface  contamination.  On  the  basis  of 
these  presently  available  data,  polyethylene  appears  to  be  the  solid  dielec¬ 
tric  most  suitable  for  high-voltage  storage  purposes,  particularly  under  dc 
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conditions  and  with  sizable  edge  field  enhancement.  While  various  refer¬ 
ence  books  indicate  the  low-temperature  optimum  dielectric  strength  of  pure 

polyethylene  at  about  18  million  volts /inch,  decreasing  to  13  million  volts/ 

o  .  o 

inch  at  50  C  and  to  less  than  5  million  volts/inch  at  100  C,  our  data  seem  to 

indicate  that  the  practical  dielectric  strength  is  probably  much  lower. 

The  present  limited  test  data  seem  to  indicate  a 
maximum  conservative  breakdown  strength  of  about  1  million  volt/ inch,  or 
slightly  greater  under  pulsed  charging  conditions.  Some  laminated  mylar 
samples  showed  excellent  breakdown  strength  but  others  were  quite  unsatis¬ 
factory.  Mylar  appears  particularly  susceptible  to  voltage  creep  and  to 
corona  damage. 

Among  the  liquid  dielectrics,  transformer  oil 
appears  to  have  the  most  useful  overall  characteristics,  particularly  where 
both  dc  and  pulsed  voltage  insulation  is  required  and  where  switch  break¬ 
down  requires  self-healing.  Fluorocarbon  compounds  have  higher  dielectric 
strength  but  are  extremely  costly  and  react  with  electrode  materials  on 
breakdown.  Castor  oil  appears  particularly  attractive  because  of  its  high 
field  strength  and  relatively  high  dielectric  constant.  However,  use  of 
castor  oil  for  switch  dielectric  appears  to  pose  serious  problems  because 
copious  quantities  of  gas  are  released  with  each  discharge  and  the  highly 
viscous  nature  of  the  castor  oil  complicates  gap  clean  up. 

Among  the  dielectric  materials  with  higher  rela¬ 
tive  dielectric  constants,  distilled  water  and  ethylene  glycol  appear  quite 

'■  \  4.  ,* 

attractive.  Pulse  breakdown  tests  conducted  with  the  2-Mv  pulser  indicated 
that  the  distilled  water  (e^  =  78)  broke  down  with  a  repeatability  of  about  10 
percent  or  better  at  about  2  million  volt/inch,  provided  no  hubbies  were 
allowed  to  collect  at  the  electrodes.  Ethylene  glycol  {e^  =  40'  broke  down 
at  2.7  million  volts/inch  the  first  time,  subsequently  stabilizing  at  2  million 
volts/inch.  No  long  term  deterioration  was  noted;  however,  tne  tests  were 
limited. 

A  water-polyethylene  interface  was  tested  for 
creep  breakdown  since  support  of  electrodes  is  a  major  engineering  problem 
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when  contemplating  the  use  of  liquid  dielectric  storage  {if  water  and  a  low 
dielectric  constant  material  such  as  polyethylene  are  laminated  in  a  high 
voltage  field,  essentially  all  of  f'ne  potential  drop  occurs  on  the  low  dielectric 
constant  material).  With  I/2-inch  spacing  between  1-inch-diaroeter  balls 
in  water,  arcing  occurred  at  the  water -polyethylene  interface  at  approxi¬ 
mately  300  kv.  Use  of  a  wetting  agent  Kodak  Photo  Flow  did  not  seem  to 
give  measurable  improvement  and  gave  sizable  increases  in  observed  pre¬ 
breakdown  currents,  presumably  because  of  ion  mobility. 

3 . c  High  Pressure  Ga3  Breakdown  Tests 

The  success  of  the  UV  trigger  electrode  gap  dis¬ 
cussed  below  stimulated  a  simple  experimental  investigation  of  the  voltage 
breakdown  characteristics  of  nitrogen  and  air  under  pressurized  conditions, 
as  well  as  some  voltage  creep  studies  important  in  trying  to  design  gap 
chambers. 

Figure  39  summarizes  the  results  obtained  for  vol¬ 
tage  breakdown  at  fairly  high  pressures  and  voltages.  Stainless  steel  ball 
gaps  were  employed  and,  as  indicated  by  other  investigators,  were  found  to 

be  considerably  more  satisfactory  than  brass  at  higher  pressures. 

Of  particular  interest  is  the  fact  that  nitrogen 
begins  to  show  saturation  effects  above  about  100  pounds/ square  inch  while 
air  is  relatively  free  from  this  effect  up  to  twice  this  pressure.  In  fact,  at 
200  pounds/ square  inch  and  at  moderately  high  voltages,  air  is  seen  to  have 
a  dielectric  strength  in  excess  of  1  million  volt/inch,  which  is  of  sufficient 
magnitude  to  be  of  interest  in  the  case  of  field-reversal  generator  lines 
dc-charged  in  the  100  -  200  kv  range.  The  somewhat  lower  dielectric 
strength  of  nitrogen,  compared  to  air,  as  well  as  its  erratic  behavior  may 
be  a  result  of  gap  .oughening,  which  in  the  case  of  air  dielectric  is  mini¬ 
mized  by  oxidation  of  the  projections.  Surface  voltage  creep  breakdown  for 
four  conditions  is  indicated  in  Figure  40,  nylon  being  the  dielectric  material. 
It  is  apparent  that  increasing  the  surface  distance  (e.  g.  , by  machining  threads) 
does  result  in  an  increase  in  voltage  stand-off  which  is  significant  but  not 
directly  proportional  to  path  length.  Observing  Figure  41,  it  is  seen 
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Figure  40  DC  Voltage  Creep  Breakdown  for  Nylon  in 
Nitrogen  as  a  Function  of  Pressure  for  Various  Geometries. 
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Figure  41  DC  Voltage  Creep  Breakdown  for  Polyethylene  in  Nitrogen 
as  a  Function  of  Pressure  for  Various  Surface  Conditions. 
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that  polyethylene  gives  somewhat  similar  performance  to  nylon  with  con¬ 
siderable  initial  improvement  if  the  surface  is  first  coated  with  a  silicone 
compound.  However,  the  disadvantage  of  this  coating  is  its  rapid  deteriora¬ 
tion  after  initial  breakdown,  the  dielectric  strength  then  becoming  weaker 
than  for  the  case  of  uncoated  polyethylene. 

Results  for  a  particular  creep  breakdown  study 
with  teflon  are  shown  in  Figure  42.  Performance  at  lower  pressures  is  seen 
to  be  comparable  with  nylon  and  polyethylene,  but  much  better  operation  is 
obtained  at  high  pressures.  Ic  was  also  observed  that  teflon  was  able  tc 
recover  after  breakdown,  apparently  by  vaporization  of  surface  deposits. 
Especially  important,  teflon  appears  to  give  the  most  reproducible  operation 
of  the  various  materials  tested.  However,  when  utilizing  teflon  with  pressur¬ 
ized  air,  breakdown  occurred  at  the  highest  test  voltage  through  the  volume 
of  teflon,  with  combustion  of  the  teflon  and  consequent  production  of  possibly 
toxic  residues.  It  would  thus  apparently  be  wise  to  allow  an  ample  margin 
for  safety  when  employing  air  as  the  dielectric  gas. 

4.  Vacuum  Breakdown  Studies 

In  Section  11-10,  the  importance  of  maintaining  excellent  vacuum 
insulation  in  an  exploding  wire  system  was  discussed.  The  extreme  varia¬ 
tion  in  vacuum  breakdown  strength  reported  by  various  experimenters  was 
indicated  in  Figure  22. 

The  mechanisms  leading  to  vacuum  breakdown  are  in  general 
believed  to  initiate  with  field  emission  from  microprojections  on  the  negative 
or  cathode  electrode,  and/or  ionization  of  thCT  gas  sheath  formed  on  the  intro¬ 
duction  of  energy  into  the  wire  transducer  (Ref.  13).  With  the  short  pulse 
duration  (50  nanoseconds)  employed  in  the  exploding  wire  system  constructed 
by  Field  Emission  Corp.  and  presently  in  use  at  Kirtland  AFB  (Ref.  1), 
vacuum  breakdown  may  be  dominated  by  these  cathode  emission  processes. 
This  also  applies  to  the  exploding  wire  system  proposed  in  this  present 
study,  with  an  even  shorter  pulse  duration  of  •’bout  10  nanoseconds  where 
energy  deposition  will  hopefully  occur  before  the  shunting  gas  sheath  can 
develop. 
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Figure  42  DC  Voltage  Creep  Breakdown  for 
Teflon  as  a  Function  of  Nitrogen  Pressure. 


)4 


AFWL  TR-65-21 


A  portion  of  the  effort  under  this  design  study  program  was 
therefore  devoted  to  the  evaluation  of  certain  dielectric  materials  with  the 
expectation  that  application  of  a  coating  to  one  or  both  of  the  transducer 
chamber  surfaces  would  improve  the  voltage  stand-off  characteristics. 

A  small  quantity  of  "glass  resin",  type  100,  procured  from  the 
Owen-Illinois  Glas3  Company  was  precured  in  accordance  with  the  manu¬ 
facturer's  recommendations.  Because  of  the  highly  viscous  nature  of  the 
resin  in  this  precured  state,  thinning  was  necessary  before  a  substrate 
could  be  properly  coated.  In  order  to  accomplish  this  thinning,  the  pre¬ 
cured  "glass  resin"  was  mixed  with  one  part  by  weight  of  resin  to  three 
parts  by  weight  of  acetone. 

This  mixture  was  then  poured  into  a  1 ,000 -milliliter  flask  which 
had  a  tubulation  previously  prepared  for  attaching  to  a  vacuum  system.  The 
entire  interior  of  the  flask  was  coated  with  the  resin  and  allowed  to  stand 
overnight  at  room  temperature  in  air,  to  permit  evaporation  of  the  acetone. 

The  "glass  resin"  flask  coating  wais  then  cured  for  24  hours  al 
90°C  followed  by  heating  to  130°C  for  24  hours  and  finally  to  150°C  for  an 
additional  24  hours. 

The  simple  flask  was  then  sealed  to  an  ultra- high-vacuum 
system.  This  system,  which  after  bake-out  is  capable  of  obtaining  pressures 
of  the  order  of  10  ^  Torr  or  better,  was  equipped  with  an  omegatron  mass 

spectrometer  and  low- conductance  gas  admission  valves  for  omegatron 
calibration. 

The  flask  was  pumped  at  room  temperature  for  24  hours  with 
-7 

a  pressure  of  2  x  10  Torr  being  observed  at  this  time.  Residual  gas 
analysis,  by  means  of  an  omegatron,  indicated  a  typical  spectrum  for  this 
vacuum  system  consisting  primarily  of  CO,  H^O.  OH  and  methane  traces, 
with  the  exception  that  an  ethane  cracking  pattern  had  been  added. 

After  baking  for  several  hours  at  approximately  200  C,  the 

-9 

vacuum  system  and  flask  reached  a  cold  pressure  of  approximately  10 

Torr,  with  no  substantial  change  in  the  residual  gas  spectrum.  However, 

o 

moderate  heating  of  the  flask  immediately  (i.  e. ,  30  seconds,  100  C) 
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evolved  sufficient  gas,  apparently  from  the  resin,  so  that  operation  of  the 
omegatron  was  impossible  due  to  an  increase  in  pressure  to  approximate¬ 
ly  10"4  Torr. 

-8 

An  ultimate  cold  vacuum  pressure  of  better  than  10  Torr  was 
achieved  with  the  flask  on  the  vacuum  system  and  continuous  pumping.  How¬ 
ever,  elevation  of  the  flask  temperature  always  resulted  in  considerable 
outgassing  of  the  resin  with  the  residual  gas  found  to  consist  primarily  of 
the  ethane  components . 

-  8 

After  several  days  of  operation  at  pressures  better  than  10 
Torr  the  resin  developed  "crazing"  and  no  longer  adhered  to  the  inside  of 
the  glass  flask.  This  observed  bonding  problem  probably  does  not  preclude 
its  usefulness  for  coating  exploding-wire-system  vacuum  chamber  electrodes 
since  the  resin  manufacturer  has  indicated  that  the  "glass  resin"  achieves 
substantially  better  surface  bond  with  materials  other  than  glass. 

It  has  been  reported  that  coated  glass  specimens  have  main¬ 
tained  static  pressures  of  less  than  10  ^  Torr  for  weeks  even  under  electron 
bombardment.  Although  the  vacuum  breakdown  tests  conducted  by  the  manu¬ 
facturer  are  somewhat  inconclusive  due  to  contaminants  lodging  in  the  coat¬ 
ing  during  application  and  cure,  the  dielectric  properties  are  reported  to  be 
roughly  equivalent  to  Kel-F  or  the  steatites.  At  one  megacycle,  the  dielectric 
constant  is  2.91  and  the  dissipation  factor  0.0113.  The  volume  resistivity  is 
approximately  2  x  10^  ohm-cm.  It  appears  that  "glass  resin"  may  be  rela¬ 
tively  easy  to  use  and  of  interest  for  the  proposed  vacuum  chamber  applica¬ 
tion. 

5.  Experimental  Switch  Studies 

All  of  the  above  proposed  pulse  generators  are  dependent  upon 
successful  low-impedance  switching.  For  this  reason  a  modest  amount  of 
effort  under  this  study  program  was  directed  toward  the  design  and  evalua¬ 
tion  of  selected  switch  prototypes,  aimed  at  obtaining  preliminary  opera¬ 
tional  data.  These  studies  were  mainly  confined  to  either  gaseous  or  liquid 
dielectric  switching  since  a  "  self-healing"  switch  was  considered  highly 
desirable  from  the  viewpoint  of  minimum  System  maintenance. 
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A  limited  survey  of  the  literature,  with  respect  to  dielectric 
breakdown  and  high-speed  switching  devices,  seemed  to  indicate  that  extreme 
over-voltage  is  the  most  effective  means  of  rapid  triggering.  However,  the 
dependence  on  ionization  constitutes  a  practical  problem  in  applying  this 
technique  to  dielectric  gases.  In  fact,  preionazation  by  means  of  such 
techniques  as  ultraviolet  illumination  and  isotope  excitation  has  been  em¬ 
ployed  successfully  to  "sensitize"  the  gap  prior  to  breakdown. 

The  success  obtained  in  gap  synchronization  with  the  AFWL 
multi-pulser  exploding  wire  apparatus  indicated  the  effectiveness  of  fast 
rise  UV  illumination.  In  the  case  of  triggering  by  over-volting,  extremely 
fast  rise  time3  are  needed  to  achieve  minimum  jitter;  such  rise  times  have 
been  obtained  with  very  high  pressure  sharpening  gaps,  following  a  tech¬ 
nique  first  employed  by  R.  C.  Fle  .cher  (Ref.  18)  and  later  by  T.  J.  Tucker, 
(Ref.  19)  at  Sandia  Corporation, 

These  two  techniques  were  combined  (Ref  20) ,  employing  a  three- 
electrode  "needlt"  gap  in  which  the  needle  was  located  in  the  median  plane 
and  was  floated  at  a  potential  midway  between  that  of  the  other  two  electrodes. 
The  schematic  circuit  employed  and  the  resulting  data  are  shown  in  Fig¬ 
ures  43  and  44.  The  process  is  initiated  by  breakdown  of  a  gap,  dis¬ 
charging  the  energy  from  20  feet  of  RG  cable  into  the  gap  sharpening  appara¬ 
tus;  this  sharpening  gap,  G also  provides  a  TJV  source  for  preillumination 
of  the  trigger  gap,  G^.  A  time  delay  between  illumination  and  over-volting 
of  the  trigger  gap  is  established  by  utilizing  delay  cable  between  the  sharpen¬ 
ing  gap  and  the  needle,  as  shown.  Frior  to  application  to  the  trigger  electrode, 
the  fast  rise  time  is  differentiated  by  the  6-picofarad  coupling  capacitance. 

The  crosses  in  Figure  44  correspond  to  operation  with  only 
ultraviolet  triggering  of  the  gap:  a  sizable  increase  in  delay  and  jitter  time 
is  evident  for  a  voltage  drop  of  more  than  a  few  percent  below  self-f;re  vol¬ 
tage.  With  the  needle  electrode  in  place  but  not  pulsed  (however,  connected 
at  mid  potential  dc  voliage),  a  noticeable  change  in  operation  is  seen;  this  is 
perhaps  attributed  to  perturbation  of  the  space  charge  field  by  the  presence  of 
the  needie,  this  space  charge  being  produced  by  the  ultraviolet  illumination. 
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With  the  combined  use  of  ultraviolet  preillurnination  and  pulsed 
voltage  applied  to  the  needle,  the  trigger  gap  is  seen  to  have  a  greatly  in¬ 
creased  latitude  with  only  a  modest  increase  in  delay  time  and  with  little  or 
no  increase  in  jitter  time  down  to  about  half  of  the  self-f-'.re  volfage,  thus 
exhibiting  far  superior  overall  performance  to  that  obtained  with  other 
techniques  of  triggering.  The  apparent  increase  in  jitter  time,  in  the  region 
from  75  to  90  percent  of  self-fire,  is  believed  to  result  from  some  irregular¬ 
ity  in  the  electrical  hook-up  and  will  probably  disappear  with  more  careful 
fabrication  and  circuitry. 

In  summary,  this  experiment  demonstrates  the  feasibility  of 
operating  a  gas  dielectric  trigger  gap  at  60  percent  to  70  percent  of  self -fire 
voltage  with  minimum  delay  (20  to  30  ns)  and  with  extremely  low  jitter(i  1  ns 
maximum  in  this  model).  Operation  at  such  a  remote  point  from  the  se)f- 
fire  affords  considerable  protection  from  possible  breakdown  due  to  gap 
roughening  and/or  corona  effects.  The  extremely  low  jitter  indicates  that 
thic  technique  should  be  applicable  to  multiple  gap  initiation  which  will  prove 
useful  either  /here  separate  pulsers  are  to  be  discharged  into  a  common 
line  (as  in  the  case  of  the  exploding  wire  system  (Ref.  1),  or  where  parallel 
gaps  are  attached  to  a  common  energy  source  such  as  a  Blumlein  to  mini¬ 
mize  the  inductance  and  resistance  inherent  in  individual  switches. 

The  suitability  of  ultraviolet  triggering  of  a  pressurized  spark 
gap  would  appear  to  imply  that  such  a  gap  could  also  be  triggered  by  an 
X-ray  source.  Such  an  experiment  was  performed,  as  indicated  in  Fig¬ 
ure  45,  utilizing  a  Model  845  FEXITRON  Portable  150-kv  flash  X-ray 
system  to  illuminate  the  spark  gap.  The  self-fire  limit  and  lower  X-ray 
trigger  limit  are  shown  in  Figure  45  as  a  function  of  nitrogen  pressure,  the 
dose  at  the  gap  being  adjusted  to  about  35  milliromtgens/pulse.  The  dis¬ 
tance  between  the  X-ray  tube  and  the  gap  was  then  varied  at  a  fixed  pressure 
and  the  oreakdown  latitude  evaluated  as  a  function  of  X-ray  dose,  assuming 
attenuation  inversely  proportional  to  the  spacing.  These  results  are  seen  in 
Figure  ^6  .  The  voltage  latitude  at  the  maximum  dose  is  seen  to  be  about  10 
percent,  or  roughly  what  one  obtains  with  ultraviolet  illumination  of 
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considerable  intensity.  A  reduction  in  X-ray  dose  of  about  two  orders  of 
magnitude  is  found  to  cause  a  reduction  in  breakdown  latitude  of  about  one 
order  of  magnitude. 

It  should  be  noted  that  X-ray  triggering  does  work  with  such 
gases  as  nitrogen,  oxygen  and  air,  but  was  found  to  be  ineffective  (within 
the  accuracy  of  these  breadboard  experiments)  with  such  strongly  electro¬ 
negative  gases  as  Freon  12. 

The  above  pressurized  gas  gaps  are  attractive  for  use  with  dc 
charging  potentials .  However,  the  literature  survey  (Refs.  21,22)  indicated 
that  liquid  gaps  were  attractive  because  of  their  greater  electric  strength, 
particularly  for  pulsed  operation  (see  the  following  section  of  this  report). 

It  was  therefore  decided  to  experiment  with  two  liquid  switch  gaps  in  paral¬ 
lel,  employing  the  apparatus  of  Figured?  to  achieve  simultaneous  trigger¬ 
ing  by  needle  over -volting  of  the  gaps.  This  apparatus  was  immersed  in  oil 
with  one  plate  at  ground  potential  and  the  other  being  pulsed  with  the  2-Mv 
Marx- surge  generator.  The  needles  were  maintained  at  about  mid-gap 
potential  by  means  of  rapacity  voltage  division,  the  inner  disc  electrode 
serving  this  function.  Breakdown  was  accomplished  by  adjusting  the  ball 
gap  between  the  inner  electrode  and  outer  electrode  such  that  breakdown  of 
this  gap  occurred  first,  at  a  voltage  level  below  the  self-fire  voltage  of  the 
two  main  gaps.  This  switching  of  the  center  gap  rapidly  changed  the  poten¬ 
tial  on  the  two-needle  gaps,  causing  the  needles  to  arc  to  the  respective 
higher  voltage  balls  of  the  external  gaps.  This  is  followed  almost  immedi¬ 
ately  by  arcing  across  the  gap  to  the  other  electrode  because  of  the  current 
limiting  inductors. 

This  device  was  successfully  tested  for  a  number  of  pulses, 
down  to  35  percent  below  the  self-fire  voltage  of  the  outside  gaps  (the  pulsed 
voltage  being  about  600  kv  at  this  time).  Firing  of  both  gaps  was  repeatedly 
observed  under  these  conditions,  as  verified  by  camera  photographs.  Assum¬ 
ing  that  gap  resistance  is  modest,  one  can  argue  that  discharge  of  one  ca¬ 
pacitor  will  rapidly  drop  the  voltage  between  the  two  plates  so  that,  in  all 
cases  where  both  gaps  were  observedto  fire,  the  firing  of  the  two  gaps  must 
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have  been  synchronized  within  3  nsec  or  better.  No  attempt  was  made  to 
verify  precisely  the  degree  of  synchronization  because  of  the  rather  elabor¬ 
ate  instrumentation  which  would  be  required  for  that  purpose. 

This  experiment  appears  to  provide  a  method  for  the  successful 
paralleling  of  high  voltage  pulsed  switches  which  is  required  in  certain  appli¬ 
cations  to  pulse-charged  generators. 
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SECTION  IV 


PROPOSED  PULSER  DESIGNS 


1 .  Flash  X-Ray  System 

The  general  objective  specifications  for  the  X-ray  system,  as 
listed  in  the  statement  of  work,  are  as  follows: 


a)  Output  energy  per  pulse 

b)  Pulse  duration 

c)  Rise  time  {for  a  matched 

load) 

d)  Pulser  output  impedance 

e)  Output  voltage  (into  ?.  matched 

resistive  load) 

f)  Output  peak  current  (into  a 

matched  load) 

g)  Output  peak  power  (into  a 

matched  load) 


1,000  -  10,000  joules 
20  -  50  nanoseconds 


1-10  nanoseconds 
80  ohms 


2-4  Mv 


25,000  -  50,000  amperes 


_  ,10  ,  11 

5x10  to  2x10  watts 


To  illustrate  the  application  of  the  general  design  techniques  discussed  in  the 
previous  report  sections,  a  specific  set  of  design  parameters  has  been 


chosen: 


a)  Output  energy  per  pulse 

b)  Pulse  duration 

c)  Pulse  output  impedance 

d)  Output  voltage  (matched  load) 

e)  Output  peak  current  (matched 

load) 

f)  Output  peak  power  (matched 

load) 


2,  000  joules 
40  nanoseconds 
80  ohms 
2  Mv 


25,  000  amperes 


_  ,„10 

5x10  watts 


A  system  layout  is  presented,  including  approximate  dimensions,  for  these 
specific  parameters.  The  systjm  rise  time  is  estimated  for  this  specific 
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design,  followed  by  comments  concerning  effects  on  system  design  of 
choosing  certain  other  specifications  within  the  listed  range. 

.  The  system  concept  for  the  proposed  flash  X-ray  system  is 

based  on  the  pulse- charged  two-ctage  Blumlein  circuit  discussed  in  Sec¬ 
tion  H-4.  A  schematic  cross-sectional  drawing  of  the  charging  circuit, 
Blumlein,  switching  and  tube  have  been  indicated  in  Figure  23.  Oil  dielec¬ 
tric  is  proposed  both  for  general  insulation  and  as  the  switch  dielectric 
because  of  its  relatively  high  pulse  dielectric  strength  and  proven  self- 
healing  characteristics. 

The  cross-section  view  of  the  proposed  2  Mv  flash  X-ray  system 
is  shown  in  Figure  48  .  The  Blumlein  outer  diameter  (electrical)  of  40  inches 
is  small  compared  to  the  length  of  156  inches;  hence,  an  approximately 
rectangular  pulse  shape  is  expected  since  the  end  capacity  is  moderate  com¬ 
pared  to  the  overall  capacity.  Apart  from  the  switch  geometry,  the  maxi¬ 
mum  voltage  gradient  during  charging  is  estimated  to  be  about  0.5  Mv/inch, 
a  conservative  figure.  The  inductor  employed  to  connect  the  inner  Blumlein 
conductor  to  ground  during  pulse  charging  is  field  graded  to  not  exceed  this 
gradient.  The  6-inch-radius  flare  at  the  charging  end  of  the  Blumlein  of 
Figure  48  can  be  eliminated  by  a  variety  of  voltage  grading  techniques,  per¬ 
mitting  enclosure  of  the  Blumlein  in  a  tank  only  slightly  larger  than  the  40- 
inch  diameter. 

It  should  be  noted  that  the  80-ohm  Blumlein  impedance  value 
was  selected  to  conform  with  the  amended  study  contract  specifications.  It 
is  possible  and  may  actually  be  desirable  in  some  cases  to  operate  at  a  con¬ 
siderably  lower  overall  impedance  level  (e.g.  ,  40  ohms)  with  only  a  modest 
increase  (30  percent)  in  Blumlein  diameter.  This  is  apparent  in  examining 
Figure  16  above, 

The  flash  X-ray  tube  should  utilize  a  hollow  beam,  magnetically 
focused  design  for  reasons,  indicated  in  Section  II- 11,  which  are  related 
primarily  to  improved  X-iay  spatial  distributions  and  tube  longevity  through 
controlled  target  loading  and  prevention  of  glass  bombardment. 
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Figure  48  Cross  Section  of  80  ohrn  Coaxial  Blumlein  Pulse  Generator  Showing  Location  of 
Multiple  Switch,  Magnetic  Focus  Inductor,  Charging  Inductor  and  X-Ray  Tube, 
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By  utilizing  pressurized  gas  (such  as  nitrogen)  in  a  Marx-surge 
primary  gap  column  switch  configuration,  this  entire  flash  X-ray  system 
should  require  an  absolute  minimum  of  maintenance.  Multiple  gapping  re¬ 
duces  energy  loading  at  the  oil  switches  sufficiently  to  minimize  gap  roughen¬ 
ing,  and  the  oil  can  be  filtered  and  recirculated  to  remove  carbon  particles 
produced  during  switching.  Since  magnetically  focused  flash  X-ray  tubes 
have  been  successfully  utilized  in  the  I  to  2  Mv  region  at  Field  Emission 
Corporation  during  studies  conducted  for  AFWL  and  for  the  Sandia 
Corporation  with  no  unavoidable  life-terminating  mechanism  out  to  at 
least  100  pulses,  it  should  be  possible  to  conduct  radiation  testing  at  a  mini¬ 
mum  cost  and  at  a  relatively  high  rate  of  usage  (probably  as  high  as  1 
pulse/5  minutes  with  this  proposed  system).  Such  a  design  should  therefore 
appear  particularly  attractive  for  intensive  testing  at  relatively  high  and 
uniform  dose  rates  and  for  moderate-size  working  volumes  (1000  cubic 
inches  or  less). 

A  quantitative  estimate  of  system  rise  time  is  not  possible  for 
the  system  of  Figure  48,  since  detailed  rabe  and  switch  geometries  are  not 
available.  An  estimate  can  be  obtained,  however,  from  the  fact  that 
the  5  nsec  50  ohm  model,  with  a  single  Blumlein  switch,  had  a  rise  time 
of  about  5  nsec,  as  shown  in  Figure  37.  With  parallel  switching  and  the 
relatively  smooth  pulser-to-tube  transition  of  Figure  48,  it  should  be 
possible  to  obtain  a  rise  time  of  about  3  to  4  nsec  with  the  80  ohm  2  Mv 
system,  provided  a  hollow  beam  tube  design  is  employed  to  minimize  tube 
inductance. 

It  is  possible  to  estimate  the  dimension  changes  of  Figure  48  , 
for  different,  output  voltages  ar.d/or  pulse  durations.  The  several  diameters 
are  scaleable  with  output  voltage,  e.  g.  ,  the  inner  diameter  of  the  outer 
Blumlein  conductor  would  be  increased  to  80  inches  for  a  4  Mv  80  ohm 
design,  the  center  conductor  to  30  inches  and  the  inner  conductor  to  11.3 
inches.  The  corona  shield  radii  would  also  scale  to  6  and  19  inches  at  4  Mv. 
The  length  of  the  Blumlein  assembly  is  affected  by  the  pulse  duration.  The 
length  of  156  inches  in  Figure  48,  determined  by  the  pulse  duration  of  40 
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nsec,  would  increase  to  195  inches  for  a  50  :isec  pulse  length  or  decrease 
to  78  inches  at  20  nsec, 

A  higher  voltage  lower  impedance  system  {7  Mv,  30  ohm,  30 
nsec  generator)  has  been  designed  in  more  detail  in  a  later  study  (Ref,  14), 
including  a  charging  pulser  and  tube  designs.  Estimates  are  also  provided 
for  radiation  yield  and  shielding. 

2.  Exploding  Wire  System 

The  general  objective  specifications  for  the  exploding  wire 
system,  as  listed  in  the  statement  of  work,  are  as  follows: 


a)  Output  energy  per  pulse 

b)  Pulse  duration 

c)  Rise  time  (for  a  matched  load) 

d)  Pulser  output  impedance 

e)  Output  voltage  (into  a  matched 

resistive  load) 

f)  Output  peak  current  (into  a 

matched  load) 

g)  Output  peak  power  (into  a 

matched  load) 


1000  joules 
10  nanoseconds 
0. 1  -  1  nanoseconds 
1-2  ohms 

300  -  500  kv 

200,000  -  300,  000  amperes 


,11 

10  watts 


The  higher  voltage  case  will  be  employed  as  a  design  example,  with  the 
following  parameters: 

a)  Output  energy  per  pulse 

b)  Pulse  duration 

c)  Pulser  output  impedance 

d)  Output  voltage  (matched  load) 


1000  joules 
10  nanoseconds 
2,  5  ohms 
500  kv 


e)  Output  peak  current  (matched 

load) 

f)  Output  peak  power  (matched 

load) 


200,  000  amperes 


,11 

10  watts 


A  system  layout  is  presented,  including  approximate  dimensions.  The 
system,  rise  time  is  estimated  for  certain  conditions,  followed  by  comments 
concerning  specific  design  problems. 

The  design  concepts  and  data  presented  in  preceding  sections 
have  been  applied  to  the  evaluation  of  desirable  design  characteristics  for 
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an  advanced  exploding  wire  pulser  system.  The  basic  concept  is  again  that 
of  a  pulse -charged  two-stage  Blumlein  circuit  such  as  previously  discussed 
in  Section  11-4.  The  Blumlein  circuit,  including  the  switch,  transducer 
chamber  and  load  was  indicated  schematically  in  Figure  21. 

The.  primary  limitation  with  respect  to  the  rate  of  dumping 
energy  in  an  exploding  wire  is  the  uncancelled  system  inductance.  The 
general  problems  of  switch  design  were  discussed  in  Section  II-6,  and  those 
related  to  the  transducer  chamber  in  Section  11-10.  In  general,  both  chamber 
spacing  and  overall  system  dimensions  must  be  kept  to  a  minimum  to  achieve 
fast  rise  time. 

A  croes-section  view  of  the  proposed  system  is  shown  in  Fig¬ 
ure  49.  The  Blumlein  outer  diameter  is  about  27  inches  and  the  overall 
length  is  about  90  inches.  The  thickness  of  the  laminated  polyethylene 
insulation  in  each  section  is  0.313  inch,  corresponding  to  an  electric  gradi¬ 
ent  of  1 . 6  Mv/inch.  It  is  estimated  that  this  relatively  high  vo  tage  gradient 
can  be  reconciled  with  useful  system  life  provided  that  the  pulse  charging 
system  is  designed  for  sub-microsecond  charging  times  and  also  that  careful 
polyethylene  grading  techniques  are  used,  particularly  at  the  transducer 
chamber  end  of  the  center  Blumlein  conductor. 

The  maximum  rise  time  obtainable  can  be  estimated  with  the 
aid  of  Table  I  of  Section  II- 10.  With  the  gap  spacing  narrowed  down  to 
about  0.20  inch  and  the  added  capacity  of  the  polyethylene,  the  switch  induc¬ 
tance  would  be  about  3  to  5  nanohenries,  dependent  upon  the  diameter  of  the 
breakdown  channel  across  the  gap.  A  generator  (matched  load)  rise  time 
of  1  to  2  nsec  would  thus  be  expected.  One  possible  design  for  a  replaceable 
solid  dielectric  switch  is  indicated  in  Figure  50  ,  with  the  dielectric  layers 
being  overlapped  at  the  replaceable  section  to  avoid  creep  breakdown.  Liq¬ 
uid  dielectric  wetting  would  probably  be  advisable  to  ensure  reliability. 

An  alternate  approach  would  involve  liquid  or  solid  switching  by 
means  of  multiple  switches  situated  around  the  periphery  of  the  switch  end 
of  the  system  and  initiated  from  a  separate  low  impedance  Blumlein  circuit 
with  a  single  trigger  switch.  If  implemented,  this  alternate  design  (with 
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Figure  49  Cross  Section  of  2  ohm  Coaxial  Blumlein  Pulser  Showing 
Position  of  Charging  Inductors  and  Load  Chamber. 
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liquid  dielectric  switches  and  sufficiently  low  loading  per  switch  to  minimize 
roughening)  would  provide  minimal  system  maintenance,  and  an  arbitrarily 
lev  generator  (matched  load)  rise  time,  if  the  switches  are  synchronized 
sufficiently  accurately. 

It  is  possible  to  reduce  the  impedance  of  the  switches  to  an 
arbitrarily  low  value  by  employing  a  sufficient  number  of  parallel  switches. 
However,  no  such  recourse  appears  available  with  respect  to  reduction  oi 
the  transducer  chamber  inductance  since  the  desired  high  energy  deposition 
rates  in  the  exploding  wire  require  developing  a  high  voltage  across  a  very 
small  diameter  wire.  Referring  again  to  Table  I  (Section  II-  10)  the  wire 
chamber  inductance  is  seen  to  depend  critically  upon  the  minimum  permis¬ 
sible  chamber  spacing.  However,  conservative  design  should  take  into 
account  the  possibility  that  the  pulser  output  voltage  may  initially  approach 
the  open  circuit  value  of  one  megavolt,  especially  if  the  chamber  and  wire 
inductance  values  are  sufficiently  high  to  limit  the  rate  of  current  build-up. 
In  cases  where  it  is  permissible  to  surround  the  wire  with  liquid  dielectrics, 
the  chamber  inductance  may  be  held  to  a  very  low  value.  For  example,  ro 
ferring  to  Table  III  in  Section  HI-3,  castor  oil  is  seen  to  have  a  breakdown 
voltage  of  about  4  megavolts/inch  and  a  dielectric  constant  of  4.67.  The 
high  dielectric  constant  would  result  in  appreciable  capacitive  loading  which, 
combined  with  the  high  breakdown  strength  and  excellent  wetting  ability  of 

casto.'  oil,  may  allow  reduction  of  the  chamber  impedance  to  the  extent 

14 

required  to  give  di/ dt  values  close  to  10  amp/ sec  (equivalent  to  a  rise 
time  of  about  2  i.sec)  for  wires  a  few  mils  in  diameter,  assuming  negligible 
switch  impedance. 

Referring  to  the  earlier  gaseous  breakdown  data,  it  appears 
necessary  to  maintain  a  pressurized  gas  chamber  spacing  of  at  least  0.  6 
inch  (for  extremely  high  pressure  nitrogen  or  quite  high  pressure  electro¬ 
negative  gas  such  as  SF^).  In  such  a  chamber  the  maximum  value  of  di/rdt 
is  approximately  2x10  amp/ sec  for  a  2-mil  wire  with  the  system  rise 
time  being  greater  than  the  system  design  pulse  length  of  in  nanoseconds. 
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The  case  for  a  high  vacuum  chamber  is  even  less  favorable  as 

indicated  in  Figure  22  in  Section  II- 10.  With  the  -nticipalcb  high- inductance 

open-circuit  voltage  of  1  Mv,  a  major  improvement  in  chamber  design  is 

required  to  achieve  a  spacing  of  one  inch,  corresponding  to  a  di/dt  value  of 
13 

less  than  10  amp/sec  for  the  2-mil  wire. 

It  thus  appears  that  the  performance  of  this  proposed  exploding 
wire  system  is  primarily  limited  by  the  required  insulation  spacing  in  the 
transducer  chamber,  especially  for  the  case  of  vacuum  studies.  This  latter 
problem  will  be  discussed  in  more  detail  in  the  last  report  suction. 


■1 

1 


115 


AFV/L  TR-65-2i 


SECTION  V 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  foregoing  report  has  identified  promising  approaches  to  improved 
pulser  designs,  indicating  some  general  design  considerations.  Field  rever¬ 
sal  Blumlein  generators  seem  to  be  the  best  suited  to  the  proposed  applica¬ 
tion.  Various  experimental  and  design  studies  have  been  conducted,  leading 
to  two  proposed  pulser  designs  for  two  specific  cases:  a  2-Mv  flash  X-ray- 
system,  emptying  a  long-life  hollow-beam  tube,  and  a  very  low  impedance 
exploding  wire  system. 

1 .  Flash  X-ray  System 

The  design  of  the  pulse-charged  two-stage  Blumlein  flash  X-ray 
system  appears  to  be  relatively  straightforward,  based  on  this  study  and  on 
the  system  study  (Ref.  14).  As  indicated  above,  anticipated  key  features 
include  good  tube  life  (potentially  well  in  excess  of  100  pulses),  minimal 
maintenance  through  the  use  of  self-healing  switches,  and  relatively  high 
and  uniform  dose  rates  for  moderate-size  working  volumes.  With  such  a 
pulser,  it  should  be  possible  to  conduct  transient  radiation  effects  testing 
at  a  minimum  cost  and  a  relatively  high  rate  of  usage.  Such  a  design  should 
therefore  appear  particularly  attractive  for  research  and  development 
involving  a  large  number  of  moderate-size  (1000  cubic  inches  or  less)  to 
small  objects . 

2.  Low  Impedance  Exploding  Wire  System 

The  Blumlein  exploding  wire  system  proposed  above  appears 
capable  of  meeting  the  specified  system  objectives  of  500  kv  at  2  ohms,  at 
least  insofar  as  the  Blumlein  circuit  and  switch  portion  of  the  system  is 
concerned.  However,  as  discussed  in  some  detail,  overall  system  rise 
time  seems  to  be  basically  limited  by  the-maximum  transducer  chamber 
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electrical  strength  of  the  dielectric  (i.e.,  liquid,  gas,  vacuum)  required  for 

a  particular  series  of  tests.  It  was  indicated  that  maximum  di / dt  values, 

for  wires  a  few  mils  in  diameter,  wjuld  vary  from  10*^  amperes/ second 

1 3 

•with  optimum  liquid  chamber  insulation  to  1  to  2  x  10  amperes/second  for 
pressurized  gas  or  vacuum  insulation. 

Since  the  vacuum  dielectric  strength  actually  demonstrated  in 
the  exploding  wire  system  (Ref.  1)  in  use  by  the  AFWL,  Kirtland,  hat  so 
far  been  considerably  inferior  to  the  1  megavolt/inch  strength  assumed  for  a 
di/ dt  of  about  10^  amperes /second,  a  further  discussion  of  vacuum  break¬ 
down  seems  pertinent  here, 

3.  Need  for  Further  Work  on  Prevention  of  Vacuum  Breakdown 

As  indicated  in  Section  II- 10,  breakdown  between  clean  surfaces 

in  a  high  vacuum  is  generally  believed  to  be  initiated  by  field  emission  of 

electrons  from  microprojections  on  the  negative  electrode.  Research  by 

Dyke,  et  al.  ,  (Ref.  24)  conducted  with  a  single-needle  tungsten  cathode, 

proved  that  vacuum  breakdown  occurs  when  the  emitted  current  density 

reaches  a  critical  value  for  which  emission-induced  heating  causes  rapid 

vaporization  of  needle  tip  material.  This  form  of  vacuum  breakdown  was 

shown  to  be  characterized  by  a  sharp  discontinuous  increase  in  current 

accompanied  by  both  melting  and  violent  destruction  of  the  needle  point.  It 

7 

was  established,  however,  that  field  strengths  of  the  order  of  5  x  10 
volts/cm  or  higher  were  always  required  at  the  tungsten  needle  tips  to  pro¬ 
duce  vacuum  breakdown.  Dyke's  work  was  extended  by  Boyle,  Kisluik  and 
Germer(Ref.  25)  to  larger  area  electrodes,  while  still  maintaining  ultra- 
high  vacuum  and  atomically  clean  surfaces.  They  showed  that  predischarged 
currents  could  still  be  attributed  to  field  emission  phenomena  by  assuming 
that  the  emission  occurs  from  very  small  points  on  the  supposedly  smooth 
surface  of  the  cathode.  These  points,  though  usually  mic ros cupically  small, 
can  be  sharp  enough  to  give  rise  to  voltage  enhancement  factors  as  high  as  30 
over  the  electric  field  computed  on  the  basis  of  smooth  electrode  geometry. 
More  recent  studi.es  (Ref.  26)  have  indicated  that  in  practice  surface  irregu¬ 
larities  have  been  encountered  with  geometries  capable  of  producing  even 
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greater  enhancement  factors.  The  recent  work  of  Alpert,  Lyman  and 
co-workers  {Ref.  27)  further  suppoits  the  high  probability  of  field  emission 
from  cathode  projections  as  the  initiating  mechanism  for  vacuum  breakdown. 

Since  the  pulse  durations  of  interest  in  the  design  of  exploding 
wire  chambers  are  sufficiently  short  to  reduce  the  importance  of  anode 
contributions  to  vacuum  breakdown  phenomena,  it  appears  desirable  to  in¬ 
vestigate  possible  techniques  for  reducing  the  emission  from  surface  micro¬ 
projections  ‘"'n  the  cathode  or  negative  transduce!  chamber  electrode. 

Several  people  have  reported  a  significant  improvement  in  vacuum  break¬ 
down  gradients  after  coating  the  cathode  electrode  with  dielectric  materials. 
Jedynak  {Ref.  28)  reports  success  in  maintaining  without  discharge  dc 
voltages  as  hign  as  340  kv  across  a  5-rnillimeter  gap  composed  of  15-cm- 
diameter  Rogowski  electrodes.  This  was  accomplished  by  use  of  a  suitable 
thin  insulating  film.  Similar  studies  have  been  conducted  by  Ion  Physics 
Corporation  (Ref,.  29)  with  a  thin  coating  of  "Nucerite,  "  a  dc  voltage  of  about 
230  kv  was  obtained  ac  ross  a  gap  spacing  of  2  mm  in  vacuum.  It  was  stated, 
however,  that  difficultiec  in  obtaining  surface  adhesion  were  to  be  anticipated 
unless  surface  radii  of  iess  than  1  inch  were  maintained  (too  small  for  the 
pr'  sent  application).  The  Ion  Physics  group  also  noted  the  difficulty  in 
maintaining  as  good  insulation  properties  for  large  area  electrodes  as  for 
small  electrodes.  This  "area  efiect"  may  result  from  the  higher  discharge 
currents  which  are  associated  with  electrode  "break-in"  because  of  the 
larger  capacitively  stored  energy  for  the  large  electrodes.  Little  and 
Whitney  (Pef.  30)  evaluated  several  surface  treatment  techniques,  among 
them  optical  grinding  and  polishing,  heat  treatment,  glow  discharges, 
evaporation  of  metal  layers  on  the  cathode  and  use  of  thin  dielectric  coat¬ 
ings  on  the  cathode.  The  thin  dielectric  layers  produced  the  most  signifi¬ 
cant  improvements  in  electric  fields,  with  teflon  or  nylon  on  304  stainless 
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steel  and  aluminum  oxide  on  type  6061  aluminum  giving  increases  of  from  2 
to  5. 

Another  factor  of  significant  interest  in  transducer  chamber 
design  for  vacuum  conditions  is  the  configuration  of  the  dielectric- vacuum 
interface  required.  Smith  (Ref.  31)  has  given  design  criteria  for  various 
insulators  which  indicate  that  a  working  gradient  as  high  as  200  to  300  kv/cm 
can  be  expected  with  dielectrics  such  as  epoxy  resin  or  certain  types  of 
rubber,  provided  a  dielectric  angle  of  the  correct  sign  and  magnitude  is  em¬ 
ployed  to  ensure  that  electrons  released  from  the  insulator  are  collected  on 
a  metal  electrcde  rather  than  being  driven  back  to  the  insulator  surface  and 
thus  giving  rise  to  electron  multiplication  along  that  surface. 

It  would  thus  appear  that  vacuum  chamber  voltage  gradients 
of  the  order  of  300  kv/cm  or  better  are  possible,  provided  a  technique  for 
cathode  dielectric  coating  can  be  developed  which  is  compatible  with  the 
relatively  large  area  electrodes  required  and  the  wire  holder  geometry. 

Some  development  work  with  respect  to  the  dielectric- vacuum  interfaces 
also  is  advisable. 

If  such  development  can  be  undertaken  and  successfully  com¬ 
pleted,  an  immediate  benefit  could  be  gained  by  modification  of  the  vacuum 
chamber  for  the  exploding  wire  system  (Ref.  1)  presently  in  operation  at 
Kirtland  AFWL.  The  success  of  the  combined  ultraviolet  and  needle  over- 
volting  triggering  technique,  performed  under  the  present  contract  and 
discussed  in  Section  III—  5  has  led  to  a  proposal  for  modification  of  the  15- 
pulser  triggering  system  to  give  improved  synchronisation  and  ease  of 

operation.  With  this  modification,  it  is  anticipated  that  di/at  values 

13 

approaching  10  amperes/second  could  be  obtained  for  wire  diameters  of 
the  order  of  a  few  mils,  provided  a  transducer  chamber  spacing  of  1  inch 
can  be  employed  successfully  (for  the  300-kv  matched  load  system  output 
voltage),  thus  permitting  operation  of  the  present  system  at  performance 
levels  approaching  those  which  appear  feasible  with  faster  system  design 
proposed  herein,  in  the  case  of  vacuum  chamber  operation. 
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Thus,  work  specifically  directed  at  improved  design  ar.d  sur 
face  processing  of  vacuum  transducer  chambers,  to  improve  their  voltag 
gradient  stand-off  capability,  appears  to  be  paitic. larly  desirable. 
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APPENDIX 

SUMMARY  OF  INDUCTANCE  DERIVATIONS  AND  CALCULATIONS  FOR 
THE  UNIFORM-GAP  SPHERICAL  CAVITY 


A.  Introduction 

As  in  most  cases  in  which  the  magnetic  field  is  confined  to  a 
finite  and  well-defined  region,  the  calculation  of  self-inductance  due  to 
currents  in  the  conductors  of  the  present  configuration  can  be  carried  out 
more  readily  from  the  point  of  view  of  energy  storage  than  flux  linkages. 
The  computed  inductance,  in  either  case,  i'5  based  on  a  static  or  low- 
frequency  field  assumption.  Solutions  of  th  *  wave  equation  for  the  fields 
are  r  quired  for  the  high-frequency  or  pulse  applications,  but  these  low- 
frequency  or  pulse  applications,  but  these  low-frequency  values  will  serve 
as  first-order  approximations. 


Initial  assumptions  of  symmetry: 

(1)  Spherically  symmetric  surfaces  except  at  input  and  load 
regions. 

(2)  Axial  symmetry  everywhere. 

The  hemispherical  region  under  study  will  be  broken  up  into  four 
subregions  for  purposes  of  integration,  as  follows: 

Region  I.  gap  from  input  to  base  of  load 

Region  II.  gap  from  base  of  load  to  top  of  load 

Region  III.  load  (interior) 

Region  IV.  interior  of  inner  sphere  plus  region  exterior  to 
outer  sphere. 


These  descriptions  refer  to  the  orientation  shown  in  Figure  51, a  cross 
section  which  does  not  show  the  azimuth  coordinate. 
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Figure  51  Hemispherical  Region  of  Under  Study 
Showing  Breakdown  of  the  Four  Subregions 
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B.  Region  I 

Equations  of  boundaries  of  Region  I: 


Z  =  0,  Z  =  h  (34) 

r  =  Rv  r  =  R^  (35) 

but  /**Vr2  -  z2  (36) 

then  the  r-boundar:.es  can  be  written 

/g°A2  - z2  <37) 

z2  <38) 


(note:  Z  ■<:  -c  R^) 


Ampere's  Line  Integral  Law,  applied  to  the  circle  about  the 
z-axis  passing  through  the  element  d T  is 

H!  dT  =pl  (39) 


/■ 


Where  B  is  the  magnetic  induction  at  points  on  the  circle  through  dT 
and  I  is  the  current  cutting  the  area  of  the  circle.  From  axial  sym¬ 
metry  we  have 

B  «  2tt^  =  pi  (40) 

(41) 


or 


B(/7,  Z)  =  2 


Now  the  energy  density  in  a  magnetic  field,  due  to  the  mag¬ 
netic  intensity,  is 


dW 

dr 


J BdH  =  ——  Jb6B  =  B2/2p 


In  this  case,  then 


dW 

dT 


Hi 


8.2  f>Z 


(42) 


(43) 


We  can  express  dT  in  the  cylindrical  coordinates  indicated  in  Fig¬ 
ure  51  as 

dT  =  Pd  0  d  P 6.Z 

where  0  is  the  azimuthal  coordinate.  Then 


(44) 


126 


mnm n®**"*® 


AFWL  TR-65-21 


the  energy  stored  in  Region  I.  Let  the  indefinite  integrals  be  J_ 
andJ.,  respectively.  Then 

1  2  h 

wi  *  t!_  W2  -  V 

4tt 


(48) 


where 


J2 


Jio£\IrzZ  -  Z2  dZ  =  j_  J  log  (R22  -  Z2) 


dZ 


K 

+  z 

\r. 

-  Z  i 

(49) 


(Dwight  624),  remembering  Z^R2.  Similarly, 


Ji=T 


2  2. 

Ri  +  z  \ 

Z  log  R^  -  Z  )  -  2Z  +  R^  log 

1 

iRi  -  Z/J 

Then 


and 


<J2  -  V  = 


1 

Z  log  J 

f*22_zz! 

1 

+  R  log 

!r2  +  Z' 

2 

k2-z2' 

2  | 

1 

[Rz-Zl 

-  Kj log 
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(51) 
/r.  +  z51 
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/  J 


C,  Region  II 

For  the  energy  stored  in  region  II,  we  have 

Dwight,  H.B.,  Tables  of  Integrals  and  other  Mathematical  Data,  Revised 
*  Edition  McMillan  1947  page  138. 
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2  it 


R„ 


Vr22  -  z2 


Wn=!Li.  J  <10  J  J(d PlP)  dZ 


h  a 


(53) 


where  a  is  the  outer  radius  of  the  load. 


R„ 


W  _  =  I2  f  2  (log  /r  2-  Z2  -  log  a)  dZ  =  h-I 

V  ^  4  it 


JJ 


—  f 

4it  J 
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J2  -(R?-h)lc>ga 


(541 

(55) 


W  =  I  jl  j  Z  log  (R?  -  Z  )-2Z  +  R?  log  I _ 2 


R„  +  Z 


rl 

L. 


\R2  -  2 


•R2  -h)  log  a^  (56) 


,1 


As  Z  -*•  R_  both  the  first  and  third  terms  in  the  square  bracket  become 
infinite.  However,  their  sum  is  finite  and  can  be  shown  to  be 


lim 

Z~*2 


A  log  (R22  -  Z2)  +  R2  log  |  R2  +  21 


r2  -  Z 


U 


=  2R^  log  (2R2) 


(57) 


Then, 


* 

r 

f  V  hj 

I2 , 

1 

2  log  (2  R2)  -  2  Rj,  -  hlog(R22  -h2)  +  2  h  -  R2  log 

]  “ 

4 

2 

lVh/J 

. 

'  h)  loS  a  > 

(58) 

D.  Region  111 

Magnetic  energy  storage  in  the  load  itself  depends  largely  on  the 
current  distribution  within  it  and  this,  in  turn,  depends  on  the  mechanisms 
of  conduction,  pinching,  expansion,  melting,  vaporization,  etc.  Two 
cases,  representing  likely  limits  of  the  current  distribution  are  (1)  uni¬ 
form  distribution  and  (2)  skin  conduction  with  negligible  penetration. 

The  case  of  uniform  current  distribution  over  a  solid  cylinder 
of  radius  a  and  length  (R  -h)  (see  Figure  1)  yields  a  self  inductance 
of 


Lm  =  (R2  -  h) 

IT 


(59) 
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while  a  skin  current  of  infinitesimal  penetration  has  no  internal  field  and 
hence  no  contribution  to  the  self-inductance. 


The  cylindrical- shell  water  load  used  in  this  project  represents 
an  intermediate  case  between  these  two  limits.  However,  as  it  will  be 
shown  that  Equation  (26)  produces  a  result  negligible  in  comparison  with 
other  contributions,  the  water-load  case  need  not  be  separately  computed. 

E.  Region  IV 

In  view  of  the  physical  configuration  proposed,  penetration  of  the 
current  into  the  conductors  of  the  inner  and  outer  spherical  shells  would 
not  be  excessive  in  any  case  and  will  certainly  be  negligible  for  the  high- 
frequency  current  components  contemplated.  Therefore,  it  is  reasonable 
to  assume  zero  magnetic  field  in  Region  IV. 

F.  Inductance  --  small-wire  case 


The  energy  stored  in  Regions  I  and  II,  combined,  may  be  written 


W  =  ul 
I, II  ^ 


8  ir 


2  R  (log  2  R  -  1)  -  h  log  (R  2  -  h2)  +  2h  -  R  logPl  +  h 

^  -  h 


2  2  2 

Since  a  =  R,  -  h  *nis  may  be  further  simplified: 


2vR2  -  h)  log  a 


W  =  UL  I 

T  TT  C_L 

11 U  8tt 


2  R2  log 


2R2  - 


2  (R2  -  h)  -  Rx  log 


Rx  +  h 


\Rl-h 


(60) 

(61) 


Self- inductance  cam  be  identified  as  a  parameter  of  energy  storage 
and  the  relationship  is 


or 


(62) 


Then  the  expression  for  self-inductance  of  the  circuit  due  to  the  magnetic 
field  in  Regions  I  and  II  is 


L  =  -!± 

I.  II 


4tt 


2  R2  log  "  2  ( R  2  -  h)  -  Rl  log[Rl  +  h 


*4 


(63) 


Now  consider  the  special  case  in  which  the  wire  is  small  and/or 
the  gap  is  small;  that  is,  a  «  R^.  Then 
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*=AZ  -  ^  =  *i V1  -  aZ/Rl2 


=  R,  -J_  a2/R. 

1  7  1 


so  that  the  last  term  of  Equation  (30)  becomes 


,R!  lo8 


and,  letting 


AR  =  R2  -  Rl  =  R2  -  h 


L  .  K 

x*n  '  “5T 


2  R2  log 


:R2  - 


Rj  iog 


-  AR 


L.  M~J±_  2  (log  R2  +  log  2  -  1)  AR  +  R  log  R2 
I,II  4tt  T”  1  "R~ 


=  2  x  10"7  (1 


,307)  AR  +  R  log/  R2 

!ri 


henries  when  R^  and  AR  are  given  in  meters. 

We  can  obtain  a  direct-application  engineering  formula  for  the 
specific  case  of  the  12-3/4  -  inch  sphere  and  1 -inch  gap.  After  putting 
in  the  known  quantities  (R^,  R2  and  R)  and  converting  to  common 
logarithms,  we  have 

L  =  51.1  -  11.7  log,  _  D  nanohenries  ( 

10  w 

where  is  the  wire  diamel^-  in  mils.  Similarly,  for  the  12-3/4-inch 
sphere  and  the  3.3-inch  gap, 

L  =  1  65  -  38  log.  n  D  nanohenries  ( 

10  w  ' 
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Formulas  (35)  and  (36)  are  strictly  only  for  inductance  due  to  the 
field  in  Regions  I  and  II.  To  these  may  be  added  the  expression  (26)  for  the 
internal  self  inductance  of  the  load,  assuming  uniform  current  distribution. 
However,  a  quick  calculation  shows  that  the  latter  amounts  to  only  0.5 
nanohenry  per  centimeter  of  load  length  of  1.3  for  the  small  gap  and  4.2 
for  the  large  gap  case,  which  are  almost  negligible  in  comparison  with  the 
magnitude  of  the  major  contribution  in  each  case,  and  which  certainly 
become  negligible  when  the  current  distribution  is  nonuniform  but  is  con¬ 
centrated  in  the  outer  layers. 

G.  Water  Load 

In  the  case  of  the  2-inch  (diameter)  water  shell  load,  Equa¬ 
tion  (37)  may  be  used  for  the  inductance  due  to  the  field  external  to  the 


load. 


I,  II  4ir 


r  2r  /R  + kf 

2  R2  log  2  -  2<R2  “  h)  “  ^  log  gi - p- 

a  1  /- 


where  R2  =  6.  375  in  =  .  1620  m 
R^  =  3.075  in  =  .0780  m 
a  =  1  in  =  .  0254  m 

a2  ..0737  m 


The  result: 


L  =  37.2  nh 

if  a 


The  contribution  due  to  the  internal  field  will  be  less  than  4.  2  nh  (see 
Section  F);  if  a  uniform  current  dist  ribution  is  assumed  in  the  1/4-inch 
thick  cylindrical  shell,  this  contribution  will  be  only  1.4  nh.  Therefore, 
38  nh  is  a  reasonable  figure  for  the  total  self  inductance  of  the  proposed 
water  load. 

It  is  interesting  to  note  that  the  approximate  formula  (36)  yields 
a  value  of  40  nh  for  a  "wire"  diameter  of  2000  mils. 

H.  Summary 

Formm's  (35)  and  (36)  may  be  used  for  most  wires,  probably  up 
to  several  huncL  ed  mils,  perhaps  more.  Representative  values  computed 
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.:V-cr  £; 


from  them  are  tabulated  below.  All  inductances  are  in  nanohenries. 


D  (mils) 
w 

1 . 0-inch  gap 

3. 3 -inch  gap 

1 

51 

16* 

2 

48 

154 

5 

43 

138 

10 

39 

127 

20 

36 

115 

(water  load) 

Figure  52is  a  semilog  plot  of  the  same  two  relationships. 
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